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Systems Program, ICLARM Abstract 
The recent development of technology for the ocean culture of juvenile giant clams (family 
Tridacnidae) in the South Pacific has brought attention to the predatory activities of a hitherto little studied 
mesogastropod genus, Cymatium (family Ranellidae).  The results of research into relevant aspects of the 
biology of four species of Cymatium are presented together with estimates of their impact on ocean- 
nursery culture of Tridacna gigas and methods of predator control. 
Cymatium muricinum, and to a lesser extent C. aquatile, C. nicobaricum and C. pileare, have been 
found preying on cultivated tridacnids at most ocean-nursery sites in the South Pacific. It is estimated that 
ranellid predation can represent a major cause of mortality during the ocean culture of  7: gigas, based on 
field and laboratory data from Solomon Islands. In certain cases the activities of  ranellid predators may 
negate the economic viability of tridacnid culture if left uncontrolled. 
C. muricinum, C. aquatile and C. pileare were only observed to attack bivalves while C. nicobaricum, 
although attacking bivalves on occasion, actively selected gastropods. Ranellids attacked bivalves using 
their extensible probosci to inject prey with toxic or immobilizing salivary secretions. The snails could also 
feed on the tissues of  live prey if these were too large to be immobilized. 
The growth of these species of  Cymatium was found to be episodic and in the presence of an 
abundant food supply was exceptionally fast in the period directly following settlement. During this period, 
juvenile Cymatium spp. exhibited very high relative consumption rates which decreased with increasing 
snail size to levels, in adult snails, similar to those reported for other predatory gastropods. 
Reproduction  of the four species of  ranellid was studied and brooding of the cup-shaped  egg masses 
by the female was observed. The planktotrophic veligers were thought to remain in tne plankton for several 
months after which they may settle directly into tridacnid culture cages. 
Wide fluctuations in recruitment were observed, most probably caused by factors affecting the larvae 
during their planktonic dispersal. Evidence is presented that hydrographic processes, sometimes forced by 
environmental factors such as wind direction and strength, may account for part of the observed variation 
in recruitment. 
A range of predator control options is available but frequent visual inspections of culture cages and 
manual removal of predatory ranellids remain vital. Other options include the exclusion of adult snails 
using off-bottom culture techniques or reduced mesh sizes and avoiding the placement of cages in areas, 
or during seasons, of expected high ranellid larval settlement. Potential exists for the development of 
biological control using specialist predators of gastropods such as Conus textile or Pleuroploca 
filamentosa. 
xii Introduction: Giant Clam Mariculture 
and Ranellid Gastropods 
1  .I Giant Clams (Bivalvia: Tridacnidae) 
Giant clams of the family Tridacnidae are some of the most striking inhabitants of coral 
reefs, not only because of the large size attained by some species but also because of the 
beauty of their frequently richly colored mantles. It is hardly surprising that these bivalves have 
attracted a constant trickle of  research for more than a century (c.f., bibliography by Munro and 
Nash 1985). However, research has intensified in the last decade owing to interest in establish- 
ing a mariculture industry using tridacnids. 
The distribution of living species of tridacnid clams is confined to the Indo-Pacific region 
and is largely contiguous with that of  reef-building corals (Munro 1989). These clams are nor- 
mally found in close association with coral reefs in shallow waters rarely exceeding 30-m depth. 
Since the comprehensive revision of tridacnid taxonomy and distribution by Rosewater (1  965), 
the geographic range of the larger species of Tridacnidae has been considerably reduced, either 
by exploitation, deterioration of coral reef environments or other ecological factors (Lucas 
1988a; Munro 1989). 
Nine species of living tridacnid clams have been described in two genera: Tridacna and 
Hippopus (Rosewater 1965, 1982; Lucas et al. 1990; Sirenko and Scarlato 1991). 71 gigas* is 
the largest species, reaching 137 cm in shell length (SL) and a weight of around 500 kg 
(Crawford et al. 1987). T: gigas, together with the other large species, T: derasa and H. 
hippopus, have received most attention from prospective mariculturists (Plate I). All but one of 
the other species have also been cultured including T: squamosa,  T: maxima, T: crocea and the 
recently described species 71  tevoroa (Lucas et al. 1990) and H. porcellanus (c.f., Fitt 1993a). 
Sirenko and Scarlato (1991) described 71  rosewaterifrom shells recovered in the Saya de Malha 
Bank in the Indian Ocean. This species has not been cultured and its status as a new species 
has yet to be widely accepted (c.f., Braley 1992). 
Anatomy and Biology of the Tridacnidae 
Tridacnid clams are members of the superfamily Cardiacea and are thus related to the 
burrowing cockles of the family Cardiidae (Yonge 1980). However, the Tridacnidae possess a 
* Taxonomic authorities for all species mentioned in the text are provided in Appendix  1 Plate I. Commonly cultivated species of tridacnid clam. From left to right these are Hippopus  hippopus, Tridacna gigas 
and T. derasa.  (Photo by H. Govan). 
number of  anatomical and biological features which clearly distinguish them from other mem- 
bers of  the superfamily and indeed other bivalves in general. Principal among these features is 
their symbiotic association with dinoflagellate algae (Symbiodinium microadriaticum) known as 
zooxanthellae which provide the clams with nutrients (Yonge 1975). 
The zooxanthellae are located in a system of tubes originating in the stomach but which 
proliferate in the outer levels of the siphonal mantle (Norton et a). 1993). The morphology of 
giant clams is modified such that when the umbo and byssal orifice of the shell are resting on 
the substrate the highly developed siphonal mantle extends along the entire upper surface of 
the gaping valves (Yonge 1975, 1980) and is thus exposed to sunlight. Sugars and amino acids 
are transferred from the algae to the host and are sufficient to meet the daily energy and growth 
requirements of all but the smallest clams (Fitt 1993b). 
The life cycle of tridacnids is not dissimilar to that of other bivalves. Giant clams are 
protandrous hermaphrodites and for most of their adult lives are capable of producing eggs and 
sperm (Wada 1954). Spawning may extend throughout the year in equatorial regions but is 
restricted to the summer months at higher latitudes (Crawford et al. 1986). Tridacnids are very 
fecund; an adult T: gigas may produce 500 million eggs in one spawning (Crawford et al. 1987), 
and the eggs have an associated chemical which triggers'spawning in other individuals (Munro 
et al. 1982). This process results in chain spawning reactions but, as pointed out by Munro and 
Heslinga (1  983), renders the species liable to nonfertilization  of eggs in depleted populations. 
Fertilized eggs hatch into trochophores which develop into veligers and then pediveligers 
before settling on the substrate and metamorphosing into juvenile clams, the entire process 
occurring over 6-10 days (Heslinga et at. 1984; Crawford et al. 1986). The growth rate of giant 
clam juveniles is slow in the initial months but thereafter growth is relatively rapid, particularly in 
the larger species in which rates of up to 8 mm. month-' SL may be attained (Munro and 
Heslinga 1983; Calumpong 1992). 1.2 Mariculture of Giant Clams 
The History of Giant Clam Mariculture 
Given the high prices commanded by tridacnid products in Southeast Asia, particularly for 
the adductor muscle (up to US$30/kg, Dawson 1986), and the rapid decline in the stocks of the 
larger species, it is hardly surprising that the mariculture of tridacnids became a serious consid- 
eration. Munro and Heslinga (1  983) concluded that the large-scale mariculture of tridacnids was 
feasible and could make a major contribution to the economies of the island states. Giant clams 
were heralded as "the only phototrophic potential farm animals known to mankind". 
Early work on the induction of spawning (Wada 1954) and larval biology (La Barbera 1975; 
Jameson 1976) of tridacnids set the stage for the first concerted attempts to raise larvae of 
these species in Palau (Beckvar 1981  ; Fitt and Trench 1981) and Papua New Guinea (Gwyther 
and Munro 1981). By the early 1980s, mass culture of  T: derasa was a reality at the Micronesian 
Mariculture Demonstration Centre (MMDC) in Palau (Heslinga et al. 1984). In 1984, funding was 
received at James Cook University, Queensland, to attempt mass culture of  T: gigas at the 
Orpheus Island Research Station (OIRS) and to coordinate a multinational Giant Clam Maricul- 
ture Project (GCMP) in collaboration with the International Center for Living Aquatic Resources 
Management (ICLARM). 
The major component of ICLARM's contribution to the GCMP was the development of a 
Coastal Aquaculture Centre (CAC) on Guadalcanal, in collaboration with the Solomon lslands 
government. Construction of the CAC commenced in late 1986, focusing initially on a pilot-scale 
giant clam hatchery. The present author joined the project in early 1987. 
Solomon lslands presents a number of features which make it ideal as a site for the CAC. 
Independent since 1978, Solomon lslands comprises some 800 islands extending over  1,400 
km in the western equatorial Pacific Ocean (see Figs. 1.1 and 1.2) between latitudes 5" and 
13"s and longitudes 155" and 168"E. Solomon lslands is one of the few countries in the region 
with relatively good stocks of tridacnid clams. There is a great diversity of coastal marine habi- 
tats (UNEPIIUCN 1988) and a wide range of sociocultural contexts in which clam farming sys- 
tems could be tested (Govan et al. 1988; Govan 1993; Hviding 1993). Furthermore, the estab- 
lishment of the CAC was in line with the priorities of the Solomon Island National Development 
Plan with regard to aquaculture (Govan et al. 1988). 
Giant Clam Culture Technology 
Research at the institutions collaborating on the giant clam mariculture project has resulted 
in the technology to successfully culture all tridacnid species. Slight variations exist at different 
institutions; the techniques used at MMDC are described by Heslinga et al. (1  990), those used 
at OIRS by Braley et al. (1988) and Lucas et al. (1988) and those used at the CAC by Usher 
and Munro (1  988), Usher (1  990) and Munro et al. (1  993). Comprehensive overviews of current 
giant clam mariculture technology are provided by Braley (1  992, 1993), and Calumpong (1992). 
Four phases may be distinguished in the mariculture of tridacnid clams using the terminol- 
ogy of Crawford et al. (1  988): hatchery phase, nursery phase, ocean-nursery phase and grow- 
out. These phases as pertaining to the CAC are briefly described below. 
Hatchery phase. In this phase broodstock clams are induced to spawn and the fertilized 
eggs are held in indoor tanks. The larval tridacnids are fed with algal or micro-encapsulated Fig. 1  .I. Map of the Pacific Ocean showing the location of Solomon Islands and other places mentioned in the main text. 
(Courtesy of Mario David). 
diets and inoculated with zooxanthellae from adult clams. After about 2 weeks, most of the 
surviving larvae have metamorphosed and settled and are ready to be transferred to the first 
nursery phase. 
Land-based nursery phase. Recently settled juvenile tridacnids are placed in large, flat- 
bottomed, outdoor tanks and once byssally attached are provided with aeration and flowing 
seawater. Blooms of fouling algae have to be controlled, either manually or by using herbivores. 
Growth of clams (and fouling algae) may be enhanced by the addition of inorganic fertilizers. 
Clams may be transferred to floating ocean-nurseries at a size of 2-3 mm or maintained in the 
land-based nursery to a shell length (SL) of 20-25 mm. 
Ocean-nursery  phase. Clams are placed in the sea, protected from predators by mesh 
cages until large enough to be virtually free from predation, about 150-200 mm SL depending 
on species and local conditions. This phase is further described below. 
Grow-out phase. Large juvenile clams are reared in relatively unprotected conditions on 
the seabed until ready for harvest. Harvest size depends on the market targetted and species 
cultivated but may range from less than 4 cm SL in the case of  7: crocea intended for the 
aquarium trade to 40-50 cm SL in the case of  7: gigas intended for the adductor muscle market. SOLOMON  ISLANDS 
SOLOMON SEA 
Guadalcanal 
Fig. 1.2. Map of the Main Group Archipelago of Solomon Islands showing places mentioned in the text. Areas where coral reef 
predominates are shown by stippling. Research facilities run by the International Center for Living Aquatic Resources Management in 
collaboration with the Solomon Island Government are the Coastal Aquaculture Centre (ICLARM CAC) and the Nusatupe field station 
(NT). (Courtesy of M. David). 
Currently a number of tridacnid culture facilities are in operation around the Pacific and 
some or all of the above culture phases have been carried out in: American Samoa, Australia, 
Cook Islands, Federated States of Micronesia (Kosrae, Pohnpei, Truk and Yap), Fiji, Indonesia, 
Marshall Islands, New Caledonia, Northern Mariana Islands (Saipan), Palau, Papua New 
Guinea, Philippines, Solomon Islands, Tonga, Tuvalu, Western Samoa, and even the Netherland 
Antilles in the Caribbean (Fitt 1993a and Govan, unpubl. data). In Australia, Palau and the 
Marshall Islands commercial or semi-commercial giant clam farms are in operation (Tisdell et al. 
1  993). 
Ocean-Nursery Culture of Tridacnid Clams 
Ocean-nursery culture carried out by ICLARM in Solomon lslands takes place at a field 
station run by ICLARM at Nusatupe near the town of Gizo in Western Province (see Fig. 1.2). 
Ocean-nurseries also operate at the CAC and at more than 20 village sites around the country 
(Govan 1993). Three forms of ocean-nursery culture are employed: benthic culture, trestle 
culture and floating culture. Benthic culture. Cages are placed directly on the sea floor in shallow subtidal areas. 
Cages are usually square or rectangular and made of galvanized wire mesh with a cement base 
(Plate 11).  The area of such cages is typically between 0.5 and 1.1 m2 and construction details 
are given by Govan (1  992b) and Tafea (1  993). They are used at Nusatupe and the village 
ocean-nurseries. 
Trestle culture. Cages are raised about 0.5 m above the seabed on frames made of steel 
reinforcing rod (Tafea 1993). The cages are similar to those used in benthic culture (Plate 11). 
They are also used at Nusatupe and village ocean-nurseries. 
floating ocean-nurseries. Cages are suspended near the sea surface from floats. A 
number of designs exist (Lasi 1993; Munro et al. 1993) but during the course of this work the 
most common design consisted of two sealed plastic pipes forming a catamaran from which a 
cement-based cage of 0.50-0.75 m2  was suspended (Plate 11).  The use of floating cages en- 
ables spat to be transferred to the ocean-nursery at a smaller size, usually about 4 mm SL but 
Plate II. Methods used for raising cages off the seabed used in the ocean-nursery 
culture of tridacnid clams in Solomon Islands. Upper: Trestles. Note the square 
cages which may also be placed directly on the seabed. Lower: Floating ocean- 
nursery system. (Photos by H. Govan). 
as little as 2-3 mm compared to 
25-30 mm for benthic cages 
(Munro et al. 1993). Floating cages 
are used at Nusatupe and the 
CAC. 
Ocean-nursery culture prac- 
tices vary at the different institu- 
tions around the Pacific. Benthic 
culture is the method most widely 
used (Copland and Lucas 1988), 
but trestles are used in the Philip- 
pines and Western Samoa (Gomez 
and Belda 1988; Govan et al. 
1993) and the use of floating cages 
is reported from the Marshall 
Islands (Munro et al. 1993). 
Benthic cages are used at OlRS on 
the Great Barrier Reef in 
Queensland, but these are placed 
in the lower intertidal zone and 
cages and clams are partially 
exposed during low tides (Lucas et 
at. 1988). 
Predation in Tridacnid 
Mariculture 
Serious predator-related 
mortality in ocean-nurseries was 
first reported at the MMDC in Palau 
caused by a ranellid gastropod, 
Cyma  tium muricinum. By 1  988, C. 
mur;chum had been reported to be a serious problem in the Cook lslands (Sims and Howard 1988) and Yap in the Federated 
States of Micronesia (Price and Fagolimul 1988) and had been recorded in Papua New Guinea 
(Bell and Pernetta 1988) and Solomon lslands (Govan, unpubl. report). 
An international workshop attended by collaborators in the GCMP identified predation as 
an important area for future research (Copland and Lucas 1988). By 1990, funding had been 
secured through ICLARM from the Australian International Development Assistance Bureau 
(AIDAB) for the International Collaborative Study of Predators of Cultured Tridacnid Clams 
(ICSPCT). 
The present author was appointed coordinator of the ICSPCT in 1990 which enabled 
studies of ranellid predators of tridacnids already in progress to be continued (Govan, unpubl. 
report). One of the first steps was to determine the extent to which ranellids were a problem in 
tridacnid ocean-nurseries throughout the Pacific. This was achieved by interviews with research- 
ers and operators, correspondence with institutions and direct observations. The results (Table 
1  .l)  showed that ranellid predators occurred at most of the locations where the ocean-nursery 
Table 1  .I. Ranellid gastropods reported or observed to prey on cultured tridacnid clams in ocean- 
nurseries in the Pacific. Species and approximate numbers of  clams held in ocean-nurseries are 
shown along with an indication (*) where these predators are perceived as a major pest. See map in 
Fig. 1  .I for geographic locations of places mentioned in this table. 
Location  Species  Number of  Ranellid 
cultivated  clams  species 
American Samoa  Td  3,000  Crn ' 
Australia, Queensland 
Orpheus Island  Tg, Hh  30,000  none 
Reeffarm  Tc, Tg?  ?  ? 
Magnetic Island  Tg  <I00  Cm, Cp 
Cook Islands  Td  185  Cm  * 
Federated States 
of  Micronesia 
Kosrae  Tg, Td, Hh  5,600  Cm',  Cn 
Pohnpei  Td, Hh  6,000  Crn' 
Tru  k  Td  2,000  c  Y' 
yap  Td  6,000  Crn' 
Fiji  Td, Tg, Ts  50,000  Crn', Cp, Ca 
Marshall lslands 
Neil Skinner  Td  14,000  Crn' 
Pacific Industries  Td  6,000  CY 
Rob Reirners  Tg, Tm, Hh  >10,000  CY 
Northern Mariana Is. 
Saipan  Td  5  Cy? 
Palau  Tg,Td,Ts,Tm 
Tc,Hh,Hp  >100,000  Cm' 
Papua New Guinea  Tg,Ts,Tc,Hh  ?  Crn 
Philippines 
Bolinao, Luzon  Tg,Td,Tm 
Hh,Hp  2,500  Cm, Cp, Ca, Cn 
Durnaguete, Negros  Tm,Ts,Hh,Hp  700  Crn, Ca 
Solomon Islands  Tg, Hh  50,000  Cm',Ca',~p',Cn 
Tonga  Td  8,000  Crn 
Tuvalu  Td  150  Crn, Ca 
Western Samoa  Tg,Td,Hh  400  Cm',  Cp, Cn 
~  -~- 
Abbreviations:  Ca:  Cymatium aquatile  Cm: C. rnuricinum 
Cn: C. nicobaricum  Cp: C.  pileare 
Cy:  Cymatium sp.  Hh: Hippopus hippopus 
Hp: H. porcellanus  Tc:  Tridacna crocea 
Td:  T: derasa  Tg:  T: gigas 
Trn:  T: maxima  Ts:  T: squamosa 
* : Major pest culture of tridacnids takes place and are considered the major pest at all the larger ocean- 
nurseries except OIRS. The species most often reported is C.  muricinum but C.  aquatile, C. 
pileare and C. nicobaricum also occur. No ranellids have ever been found in the benthic and off- 
bottom ocean-nurseries at OIRS on the Great Barrier Reef (J. Lucas, pers. comm.). 
1.3 Ranellidae 
Gastropods of the family Ranellidae (tritons) belong to the same superfamily, the 
Tonnacea, as the Tonnidae (tun shells), Cassidae (helmet shells), Ficidae (fig shells), 
Personidae and Bursidae (frog shells) (Beu 1980, 1988). 
Ranellids usually possess a roughly sculptured shell with a moderate to long siphonal 
canal. Shells are characterized by the absence of any anal canal, prominently variced outer lip 
and a frequently conspicuous and even thick and bristly periostracum (Beu 1980; Kilburn and 
Rippey 1982). The ranellids, which are carnivorous mesogastropods, resemble the muricacean 
neogastropods in most of these features except that ranellids never possess more than two 
varices per whorl and these are never spiny as in Muricidae (Beu 1980; Kilburn and Rippey 
1  982). 
The family Ranellidae has been universally known as the Cymatiidae since 1913 but ques- 
tions of priority and synonymy forced a change and the family should now only be referred to as 
Ranellidae Gray 1854 (Beu and Cernohorsky 1986). 
Three subfamilies of  Ranellidae are recognized (Beu 1980; Beu and Cernohorsky 1986; 
Beu 1988; Waren and Bouchet 1990): Cymatiinae (=Neptunellinae), Ranellinae and 
Pisanianurinae. The subfamily Cymatiinae contains the genus Cymatium and other genera of 
interest in the present work such as Cabestana, Charonia, Sassia and Linatella. Members of 
this subfamily are predominantly tropical with long planktonic larval lives and may be distin- 
guished from the other subfamilies by their varices which occur at intervals of 213  of a whorl 
(Beu 1980; Waren and Bouchet 1990). 
The four species of  Cymatium of interest as predators of juvenile tridacnids belong to 2 
subgenera: Gutturnium and Monoplex (Beu 1985). The four species are described below and 
shown in Plates Ill and IV. 
Cymatium (Gutturnium) muricinum (Plate Ill). Shell dirty-grey in color and relatively 
unornamented. Adults easily distinguished by their large thick parietal wall and columellar 
shield. Size up to 75 mm. Personal observations indicate that the body color is white to light 
tan with larger dark brown spots and smaller, round, light brown spots fringed with white. 
Also the shell color of juveniles appears to vary from white to orange to dark purple with 
white stripes (Plate Ill). 
HABITAT  AND ABUNDANCE. Reported from sandy lagoon floors, lagoon shelves, fringing reefs 
and rocks from the low tide line to depths of 50 m (Demond 1957; Houbrick and 
Fretter 1969; Taylor 1976, 1984). Reportedly common (Hinton 1975), Kay (1  971) found 
this species to be one of the most conspicuous epifaunal gastropods at Fanning Island, 
Kiribati, but only on subtidal patch reefs on the lagoon floor. Taylor (1  976) found densi- 
ties of 0.82 C. muricinum m-2  near seagrass habitat at Aldabra Atoll in the Indian Ocean 
and of around 0.2 m-* in algal turf on a Guam fringing reef (Taylor 1984). 
DISTRIBUTION.  C.  muricinum is cosmopolitan in all tropical seas and has also been recorded in 
the Mediterranean (Beu 1985; Emerson 1991). Plate Ill.  Growth series of Cymatium  rnuricinurn  (top 
and C. nicobaricum (bottom row). (Photo by H. Go 
row) 
van). 
Plate  IV. Growth series of  Cymatium 
aquatile (top row) and  C.  pileare (bot- 
tom  row).  Note  the  prominent 
periostracum of C. pileare with its char- 
acteristic hairy appearance. (Photo by 
H. Govan). 
C. (Monoplex) aquatile (Plate IV). Moderately solid shell, light tan with white and rusty brown 
blotches. Two varices at every whorl, 4-6 knobs between varices. Aperture light-pink to 
orange with 18-20 fine white columellar pleats and edge of aperture with 7 short white pleats 
that give rise to 7 pairs of denticles near the lip. Thick hairy periostracum. Similar to C. 
pileare but distinguished by the coarser spiral structure, more flaring aperture, shorter 
plications inside outer lip, columellar plications are regular and do not merge posteriorly, and 
lighter coloration inside aperture. Whereas C.  pileare usually has paired small denticles on 
the outer lip that continue as ridges deep into the aperture, C. aquatile has two parallel rows 
of paired marginal denticles (Kilburn and Rippey 1982; Beu 1988). See Chapter 4 for 
differences in protoconch morphology and Beu (1  988) for descriptions of other species in 
the C. pileare complex. Size up to 60 mm. The body color of specimens observed at the CAC 
was light pink-orange with rusty brown fringed pink-red spots. HABITAT  AND ABUNDANCE. Reported to be uncommon (Hinton 1975). Few reports of habitat 
preferences or abundance, probably subtidally to intertidally on coral reefs, rubble and in 
crevices (c.f., Beu 1988). 
DISTRIBUTION.  Pantropical, found in the Indo-Pacific and Atlantic (Beu 1988). 
C. (M.) nicobaricum (Plate Ill). Shell solid and heavy, creamy white to light tan in color, flecked 
with rusty brown. Two varices at every whorl and 3-5 knobs between varices. Aperture 
usually orange to red, outer edge of lip white with 7-1  4 white denticles, columeila with 11 -1 9 
plicae. Personal observations suggest that juveniles may be distinguished from juveniles of 
C. muricinum and C. aquatile by their sharply pointed nodes and varices. Size up to 70 mm. 
Body color in specimens examined: underside of foot white-light grey with grey and fawn 
irregular spots. Body white-light grey, large darker spots with smaller light spots. 
HABITAT  AND ABUNDANCE. A common shallow water reef species found on rocks, coral rubble, 
outer edges of windward reef flats and occasionally on sand (Demond 1957; 
Cernohorsky 1967; Houbrick and Fretter 1969; Kay 1971  ;  Taylor 1986).  Taylor (1  978) 
found densities of 0.1  -0.2 C. nicobaricum m-2  on hard reef flats and seagrass beds at 
Addu Atoll in the Maldives and of 0.1 C. nicobaricum m-2  on intertidal platforms at 
Rottnest Island, Western Australia (Taylor 1993). 
DISTRIBUTION.  Found in tropical seas, Indo-West Pacific, East and West Atlantic (Beu 1985). 
C. (M.) pileare (Plate IV). Similar to C. aquatile (see above) but distinguished by its narrower 
form, darker color, deep red aperture with longer plications and finer axial and spiral 
sculpture (Hinton 1975; Beu 1988). Up to 100 mm. The pattern of body coloration is similar 
to that of  C. aquatile but the colors are slightly darker with a brown-violet tinge. Juvenile C. 
pileare are conspicuous because of their exceptionally thick, hairy periostracum. 
HABITAT  AND ABUNDANCE.  Common on shallow coral reefs, patch reefs and seagrass beds 
(Cernohorsky 1967; Kay 1971 ; Hinton 1975; Taylor 1978).  Taylor (1  978) found densities 
of 0.1 and 0.3 C. pileare m-2  on a reef flat and a seagrass bed, respectively, at Addu 
Atoll, Maldives. 
DISTRIBUTION.  C. pileare is limited to the Indo-West Pacific (Beu 1985).  The wide distribution 
of these species of  Cymatium is noteworthy as it amply encompasses the areas where 
tridacnid culture takes place or may be developed. This wide distribution is at least 
partially explained by the long larval stage of members of the subfamily Cymatiinae, 
extending to up to 1 year in some cases (Scheltema 1977; Beu 1980). 
Habitat Preferences of  Ranellid Predators of  Tridacnids 
The broad range of habitats occupied by C. muricinum and the other species of  Cymatium 
covers most of the habitats considered for tridacnid mariculture (Calumpong 1992).  The scant 
published information on abundance of ranellids does suggest that these are relatively uncom- 
mon compared to other species of predatory gastropod. 
As part of the present study, the relationship between habitat type and ranellid occurrence 
was examined at the tridacnid ocean-nurseries in Australia, Fiji, Philippines, Western Samoa 
(c.f., Table 1  .l)  and at 20 village-based ocean-nurseries in Solomon Islands. Information on 
habitat features such as substrate type, turbidity, salinity, temperature, water circulation and 
exposure to wave action was collected. Less exhaustive information was obtained in correspon- 
dence with the operators of the remaining ocean-nurseries in Table 1  .l. 
Data were obtained for 34 ocean-nurseries in the Pacific (Table 1  .I).  C. muricinum was 
collected at 31 of these ocean-nurseries covering a wide range of  habitats, from sand and seagrass to coral rubble and rocks, and from intertidal to subtidal. The three sites where no C. 
muricinum were recovered are described below. 
At OlRS near Townsville, Queensland, Cymatium spp. were never recovered in intertidal, 
subtidal or floating ocean-nurseries (J. Lucas, pers. comm.). Most clams (T: gigas) were kept on 
an intertidal reef flat. The tidal range is wide (a couple of meters) and consequently the area is 
well flushed. Although there are large rivers on the mainland, the salinity is consistently high (S. 
Lindsay, pers. comm.) and the relatively high turbidity does not appear to affect coral growth in 
the subtidal reef areas. Alan Beu (pers. comm.) reports that ranellids are rare at OlRS but he 
did recover one dead adult shell each of  C.  muricinum and C. pileare. Thora Whitehead (pers. 
comm.) reports that C.  muricinum, C.  aquatile, C.  nicobaricum and to a lesser extent C. pileare 
are uncommon in Queensland. However, ranellids are found at the oyster farm on Magnetic 
Island, a few hundred kilometers from OlRS (Table 1.2). 
Table 1.2. Records of ranellid gastropods as predators of  cultured bivalves throughout the world. 
Ranellid species  Prey species  Location  References 
Cymatium aqua  tile 
C. corrugatum amictum 
C. martinianum 
C.  muricinum 
C. nicobaricum 
C. parthenopeum (keenae?) 
C. parthenopeum parthenopeum 
C.  pileare 
C.  vespaceum 
Linatella caudata 
H.  hippopus, 7:  maxima 




T. derasa,  T. gigas 
T: gigas,  T: squamosa,  T: maxima 
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Abdon-Naguit and Alcazar (1988) 
This work 
Villalobos and Baez (1  983) 
Littlewood (1  991) 
Littlewood (1  988) 
Perron et al. (1985) 
This work 
Personal obse~ation 
M. Muramatsu (pers.comrn.) 
This work 
Velez (1  975) 
Urosa (I  972) 
Coleman (1  975) 
Laxton (1971) 
Hughes-Games (1  977) 
M. Muramatsu (pers.comm.) 
This work 
Personal observation 
Perio and Belda (1988) 
Thangavelu and Muthiah (1  983) 
Dharmaraj et al. (1  987) 
A few C.  nicobaricum and no C.  muricinum were recovered at a village trial in Ghulavu, W. 
Guadalcanal. This trial closed in 1990 due to a storm. The site had seasonal freshwater influ- 
ence and was generally slightly turbid. Coral appeared to grow well subtidally; live Porites were 
observed on the reef flat. C.  muricinum was never recovered from the shallow subtidal cages 
situated on the coral rubble reef flat. 
No ranellids were recovered at a trial ocean-nursery in the Langalanga lagoon, Malaita, 
situated near a river and sheltered from the ocean by a barrier reef. This site was turbid and the 
trial was of relatively short duration because the clams died due to siltation and possibly exces- 
sive freshwater influence. 
The main environmental features common to the three sites where ranellids were rare or 
absent are unusually high turbidity and close proximity to a river. None of the sites where C. 
muricinum were recovered shared these characteristics. 
Tridacnid clams are generally grown in high salinity and relatively clear waters. A. Beu 
(pers. comm.) states that Cymatium spp. do not tend to occur where there is silt or freshwater influence. Littlewood (1  989) reports that C. pileare is predominantly marine and therefore not a 
problem in brackishwater culture of mangrove oysters. 
The morphology of larval Cymatium spp. is discussed in detail in Chapter 4 but it is prob- 
able that prior to settlement these tritons possess four large velar lobes as described by Lebour 
(1  945). Heavy silt loadings would probably represent a severe hazard to larvae with such velar 
lobes, causing death or early settlement. 
The contention that factors affecting the larval stages of these ranellids determines their 
absence at certain sites is supported by the finding that although Cymatium spp. are rarely 
found in land-based nurseries throughout the Pacific, recently settled C. muricinum and C. 
nicobaricum are often collected from tanks and pipework at the clam hatchery in Kosrae. Most 
tridacnid hatcheries in the region operate centrifugal or "mono" high-pressure pumps for seawa- 
ter intake but the Kosrae hatchery is unique in using submersible axial flow pumps. The operat- 
ing mechanism of such pumps appears to be less likely to damage organisms in the intake 
-  water (Fraenkel 1986) and may allow higher percentages of  ranellid larvae to enter the hatchery 
seawater system at Kosrae than at other hatcheries. 
Ranellid Predators of Other Cultured Bivalves 
Gastropods of the families Muricidae, Fasciolariidae, Melongenidae and Naticidae are well 
known predators of cultured bivalves worldwide (Galtsoff 1964; Hancock 1974; Kilburn and 
Rippey 1982; Gibbons and Blogoslawski 1989). However, only a few reports exist of Ranellidae 
preying on cultured bivalves other than tridacnids (Table 1.2). 
The reports of ranellid predation on cultured bivalves shown in Table 1.2 are reviewed in 
detail in the following chapters. Interestingly, all the reports are from tropical or subtropical areas 
where bivalves were being cultured above the substrate in full salinity seawater. The ranellid 
species involved were almost all of the genus Cymatium with the exception of Linatella caudata. 
In most cases, these predatory tritons are reported to settle on their prey as larvae or only 
become apparent in their prey as young juveniles. 
Given the widespread occurrence of ranellid predators at tridacnid culture facilities through- 
out the Pacific it is somewhat surprising that there have been so few reports of ranellids in other 
bivalve culture operations within the distribution range of these ranellid species. One reason is 
that the countries within this range are relatively poor and in many cases still developing their 
aquaculture industries which are consequently poorly documented. 
However, the main reason for the few reports of  ranellid predators of  cultivated tropical 
bivalves may well be that much of such cultivation in Latin America and Asia takes place in 
brackishwater and/or silty sediment laden waters (c.f., Broom 1985; Angell 1986; McCoy and 
Chongpeepien 1988; Vakily 1989; Hernandez 1990). These water conditions may well be intol- 
erable to larval ranellids of the subfamily Cymatiinae, as suggested above. Thus, these preda- 
tors would not be expected to occur at the sites of most coastal bivalve culture operations in the 
tropics, located as they are on the shores of large land masses with heavy rainfall and large 
rivers. Aims and Scope of  the Present Work 
Ranellid predators appear to pose a threat to the development of viable cultivation systems 
for tropical bivalves in certain situations. Indeed in the case of pearl oyster cultivation in 
Okinawa, Japan, depredations of  ranellids already cause serious economic losses (M. 
Muramatsu, pers. comm.). 
The taxonomy of ranellid gastropods is relatively well understood thanks largely to the work 
of  Dr. A. Beu (e.g., 1980, 1985, 1988), but the biology of this group has received very little 
attention (Beu and Kay 1988; Morton 1990b). 
In view of the potential threat that gastropods of the family Ranellidae represent to tropical 
bivalve culture and the lack of  knowledge regarding the biology of this group, the aim of the 
present work was: to study aspects of  the biology of  C. muricinum, C.  aquatile, C. pileare and C. 
nicobaricum  relevant to controlling the impact of these animals on the cultivation of tridacnid 
clams in particular and tropical bivalves in general. 
The results of research into the feeding biology of the studied species are presented in 
Chapter 2. The rates of feeding and growth of the four species of  Cymatium are examined in 
Chapter 3 based on laboratory studies. Chapter 4 contains observations on reproduction and 
recruitment of the studied species and a review of current knowledge. Factors that may influ- 
ence variability in recruitment of ranellids in tridacnid ocean-nurseries in Solomon Islands are 
examined in Chapter 5 based on field data and results presented in the previous chapters. 
Chapter 6 presents estimates of the impact of ranellid predators on different types of tridacnid 
cultivation used in Solomon Islands and examines factors that may increase this impact. Finally, 
Chapter 7 discusses potential methods of controlling ranellid predation based on the research 
presented in the preceding chapters. Feeding Behavior 
of Cymatium spp. 
2.1 Introduction 
The Ranellidae are carnivorous mesogastropods known to feed on polychaetes, bivalves, 
ascidians, gastropods, echinoderms and crustaceans (Houbrick and Fretter 1969; Hughes 
1986; Morton 1990b). In common with most of the evolutionarily more advanced 
neogastropods, these predators differ from grazers in the development of a siphonal canal in 
the anterior lip of the shell. This canal receives a fold of the pallial mantle margin that directs the 
inhalant water current on to the highly developed osphradium used in the chemoreception of 
prey scents. Other differences include modifications of the proboscis and associated glands for 
attacking prey (Hughes 1986). 
There are relatively few studies of the anatomy and biology of  ranellids (Beu and Kay 1988; 
Morton 1990b). Most accounts of feeding in Ranellidae describe the use of a long pleurembolic 
proboscis inserted into the prey, frequently associated with the discharge of anesthetic, toxic or 
acidic saliva (Houbrick and Fretter 1969; Laxton 1971  ; Thangavelu and Muthiah 1983; Muthiah 
et al. 1985; Morton 1990b; Littlewood 1991  ). What is known of  ranellid anatomy is consistent 
with these modes of feeding. Houbrick and Fretter (1  969) report bulky salivary glands in 
Cymatium muricinum, C. nicobaricum and C. pileare which excrete acid at pH 2.0 through the 
long proboscis. Morton (1  990b) reports that the salivary glands of another member of the sub- 
family Cymatiinae, Linatella caudata, produce strong sulfuric acid. The secretions of the foregut 
glands of  C. intermedium and three other species of  Cymatium are currently being investigated 
and appear to contain substances of low pH and also various types of biologically potent mol- 
ecules (J.D. Taylor,  pers. comm.). 
Houbrick and Fretter (1  969) and Morton (1  990b) have studied the feeding behavior and 
preferences of ranellids and Perron et al. (1  985), Govan et al. (1  993) and Govan (1  994) exam- 
ined aspects of feeding preferences in relation to tridacnid culture. Houbrick and Fretter (1  969) 
studied the diets of four ranellid species in captivity. Cymatium nicobaricum (the most voracious) 
and C. gemmatum consumed only gastropods while C.  muricinum and C. pileare consumed 
bivalves. These four species appeared to feed more regularly at night. C. nicobaricum was 
observed attacking gastropods by inserting the proboscis into the mantle cavity of the prey. 
Areas near the heart and visceral ganglia of prey examined soon after an attack were observed 
to be in a semi-digested or fluid state. 15 
Morton (1  990b) observed L. caudata cutting through the testes of ascidians with the radula 
after which the proboscis was inserted. Bivalves were attacked by inserting the proboscis be- 
tween the parted shell valves (Morton 1990b). The preferred prey of this triton were bivalves, 
but ascidians, gastropods and barnacles were also eaten. 
Perron et al. (1985) studied the predation of  C. muricinum on cultured tridacnid clams in 
Palau. Larvae of C.  muricinum were reported to settle directly on clams in benthic ocean-nurser- 
ies. The newly metamorphosed tritons were often found between the mantle and shell some- 
times causing characteristic blisters on the inside of the latter. These tritons often killed the 
infested clam and emerged to prey on surrounding bivalves. Larger tritons were generally 
observed to attack juvenile giant clams (T: derasa and T. gigas, 80-110 mm shell length [SL]) 
through the byssal orifice using their thin extensible probosci. Because a gravel substrate was 
used for clams to adhere to, this method of attack made the tritons difficult to detect but no 
decrease in susceptibility to attack was noticed when a solid cement substrate was used (Per- 
ron et al. 1985). 
The potential destructiveness of the tritons was observed by Perron et al. (1  985) to in- 
crease rapidly with size. Tritons of 10 mm SL took 10-15 days to kill T: gigas of around 100 mm 
SL, whereas the same size of clams  were killed in less than 5 days by 30 mm tritons. Tritons 
over 30 mm in size were capable of killing juvenile  T: derasa up to 150 mm SL and juvenile  T: 
gigas over 170 mm SL. Perron et al. (1  985) suggest that the reason for the resistance of larger 
clams to C.  muricinum attack is that they have their byssal orifices more tightly pressed against 
the substratum and are capable of dislodging tritons that attempt to crawl over the mantle. 
Perron et al. (1985) also showed that juvenile tridacnids of another genus, Hippopus 
hippopus, are much less vulnerable to C. muricinum predation than T. gigas or  T: derasa for 80- 
95 mm SL clams. The reason suggested for this is the zipper-like byssal orifice of this species 
which grows closed, effectively excluding predators, unlike the byssal orifice of species of 
Tridacna which remains partially open. 
Govan (1  994) found that C. muricinum (c.f., Perron et al. 1985) and three other species of 
ranellid (C.  aquatile, C. pileare and C. nicobaricum) were the most important predators of cul- 
tured tridacnids in Solomon Islands. These gastropods consumed all the species of tridacnid 
offered, namely: T gigas, T.  squamosa, 7:  maxima and H. hippopus. Govan et al. (1  993) found 
H. hippopus to be less susceptible to the attack of  C. muricinum and C. pileare than other 
species of tridacnid. However, all attacks were observed to take place between the valve gape 
of clams rather than through the byssal orifice (c.f., Perron et al. 1985). 
The methods used by Cymatium spp. to prey on cultured tridacnids appear poorly under- 
stood, and have not been reported at all for C. aquatile, C. pileare and C. nicobaricum. Study of 
the impact of these ranellids on the cultivation of tridacnids required a better understanding of 
their feeding methods. 
In the present work, feeding method observations were made to elucidate the mechanisms 
involved in ranellid attacks on juvenile tridacnids and to ascertain whether the study species of 
Cymatium preferred attacking by day or night. Based on these observations the size of the 
ranellid proboscis appeared to be critical in the success of attacks so an experiment was de- 
signed to measure the length of probosci of living tritons. 
Ocean-nurseries for tridacnids frequently contain a number of wild molluscs such as fouling 
oysters and herbivorous gastropods. Prey preference (or vulnerability) experiments were per- 
formed to examine whether T. gigas was actually the preferred prey of the study species of 
Cymatium. Similar experiments examined whether  T. gigas was a preferred or more vulnerable 
prey than H. hippopus, as reported by Perron et al. (1985). The preference of both small and adult C. muricinum for different sizes of  T: gigas was also examined in this series of experi- 
ments. 
A critical factor for clam farmers is the identification of an "escape size" for the cultivated 
clams at which the bivalves are resistant to most predators and therefore need minimum protec- 
tion. In addition to the size preference experiment, the likely escape sizes of  T: gigas with regard 
to C. muricinum predation were examined in two experiments which measured the time taken 
by juvenile and adult C.  muricinum to kill juvenile clams. 
2.2 Materials and Methods 
The following conditions applied to all experiments and any variations are stated in the 
appropriate subsection below. Test organisms were obtained from the ocean-nursery at the 
ICLARM CAC. The numbers of available wild animals fluctuated seasonally and the availability 
of cultured clams of appropriate size was often constrained. Due to these constraints the num- 
ber of test animals used for each experiment was reduced. Thus a major assumption in the 
interpretation  of the results is that the average behavior of a small number of test organisms is 
indicative of the behavior of  a larger population. 
Experiments and observations were carried out between June 1989 and October 1992, 
although the bulk of experiments were performed in the last two years of this period. Experi- 
ments were performed in one of the following three types of aquaria: 2.5-1 static aquaria with 
aeration and three weekly water changes, water temperature ranged from 26 to 29°C. Two 
types of aquaria receiving a constant flow-through of seawater between 28 and 31  "C were 
used; a series of eight 24-1 glass aquaria and one 40-1 aquarium divided into 20 compartments 
is more fully described in Section 3.2. 
Results that required analysis of goodness-of-fit with a null hypothesis, such as in the 
attack location and prey preference experiments, were tested using the maximum likelihood 
statistic G with Williams' correction, as described by Sokal and Rohlf (1  981). When sample 
sizes were 25 or less the probability of encountering a particular ratio was calculated on the 
basis of the binomial expansion. Whenever the two-tailed probability was 5% or less the devia- 
tion was considered significant. 
Feeding Methods 
More than 40 observations were made on starved specimens of the four study species of 
Cymatium presented with T: gigas of  15-70 mm SL in 2.5-1 and 80-1 aquaria. Tritons of all four 
species were routinely confined in the 20 flow-through compartments and fed ad libitum on 
byssally detached T: gigas of  30-mm mean shell length. These tritons were observed 5 days per 
week and records kept of  whether attacks took place through the valve gape or the byssal 
orifice of clams. For 4 days every week records were kept of whether tritons attacked on the 
previous night or during the day. 
In order to measure the lengths of their probosci, starved tritons of varying sizes were 
confined in wire mesh cages inside 2.5-1 aquaria. A portion of dead clam tissue was placed near 
the wire cage. As a triton extended its proboscis in an attempt to feed, the tissue was moved 
progressively further away. Maximum length of the triton proboscis was estimated against a 
graduated background. Preference Experiments 
All test organisms were acclimated for 1 week before experiments started, under identical 
conditions to those of the experiment. Predators were starved for this period. Prey organisms 
for replenishment of these experiments were maintained in similar aquaria throughout the 
course of the experiment and often for much longer periods. As no mortality was observed 
amongst these animals the use of controls was not deemed necessary. All species-preference 
experiments were performed in 24-1 flow-through aquaria. 
The first preference experiment tested the preference of three species of  Cymatium (C. 
muricinum, C. aquatile and C. pileare) for two size classes of  T: gigas (25-40 mm SL and 15-20 
mm SL), two size classes of fouling pearl oyster Pinctada maculata (40 mm SL and 20 mm SL) 
and adult herbivorous gastropods Cerithium tesselatus. Two late juvenile specimens of each 
triton species were tested in separate aquaria over 10 weeks. Because these tritons were still 
growing they were measured at the beginning and end of the experiment. Equal numbers of 
bivalves from each species and size class were available to the predators, usually one or two. 
Two Ce. tesselatus were kept in all tanks. Consumed prey were removed, measured and re- 
placed with live prey. 
C.  nicobaricum was reported to consume gastropod prey exclusivelj~  (Houbrick and Fretter 
1969) so a second preference experiment was performed separately for this species. Sixteen C. 
nicobaricum were divided into four groups of four according to size and placed in separate 
aquaria. Four specimens of the gastropod Ce. tesselatus (20 mm SL), the pearl oyster P. 
maculata (30 mm SL) and T: gigas (30 m SL) were placed in the aquaria and replaced when 
consumed. The experiment ran for 18 days. 
A third experiment tested the preference of C. muricinum for two tridacnid species.  T: gigas 
and H. hippopus (40-50 mm SL) were offered to the predator in aquaria. Five byssally attached 
specimens of each clam species were placed in aquaria with individual predators. Dead clams 
were counted, removed and replaced with live clams daily. Experiments lasted 3 weeks. Four 
adult specimens of  C. muricinum (mean size 43.8 mm) and eight juveniles (mean size 20.6 mm) 
were tested. This experiment was partially reported in Govan et al. (1993). 
The fourth preference experiment was intended to test the existence of size preference by 
C.  muricinum for juvenile  T: gigas. Two sizes of  C.  muricinum were tested: adult (mean shell 
length of 35.4 mm, range 32.4-37.3) and juvenile or immature tritons (initial mean shell length of 
17.3 mm, range 15.7-18.5). Four tritons from each of the two size classes were placed individu- 
ally in static 2.5-1 aquaria with two specimens of  T: gigas from each of 3 size classes: 10 mm 
(mean SL 9.7 mm, 7.7-12.1), 30 mm (mean SL 30.9 mm, 21.3-39.8) and 50 mm (mean SL 49.8 
mm, 41.2-57.1). The duration of the experiment was 3 weeks, during which time consumed 
clams were replaced with clams from the same size class and the tritons were re-measured 
after 10 and 21 days. 
Time Required by C.  rnuricinum to Kill  T.  gigas 
The first experiment examined the time taken by recently settled juvenile C. murjcinum to 
kill juvenile  T: gigas. Twelve C. muricinum of 4-5 mm SL were placed individually in flow-through 
compartments with juvenile  T: gigas of 12-11  3 mm SL. Time until death of the clams was mea- 
sured. The biomass of the test clams was estimated, based on the allometric relationship calculated in Appendix 2. In the second experiment five adult C. muricinum of known size (43-44 
mm SL) and proboscis length were confined individually in 24-1 flow-through aquaria with a 
juvenile clam of 110-170 mm SL. Time taken to kill the prey and method used were recorded. 
2.3 Results 
Feeding Methods 
The same methods and behavior were observed for each of the four study species of 
Cymatium when attacking juvenile  7:  gigas. However, most feeding observations were made on 
the most abundant ranellid-C.  muricinum. 
Ranellids placed in aquaria promptly extend and elevate the inhalant pallial siphon, which 
Plate V.  Feeding methods of  Cymatium muricinum.Upper: An adult C.  rnuricinum 
attempting to penetrate the mantle of a juvenile giant clam, T1  gigas, with its ex- 
tended proboscis in order to paralyze or  kill the clam with salivary secretions. 
Lower. A juvenile  C.  muricinum feeding at the mantle edge of  a live juvenile  T; 
gigas. (Photos by H. Govan). 
appears to be used in receiving 
chemical stimuli judging by the 
movements of the siphon and, 
subsequently, those of the triton. If 
the triton is hungry and tridacnid 
prey are present, the latter are 
rapidly detected and the triton 
approaches, siphon foremost. 
On reaching the tridacnid 
prey, the triton usually climbs up 
the outside of the clam's valves 
and palps the mantle edge and 
surface with its cephalic tentacles. 
This process elicits a minimal 
response from the prey and may 
last from 1 to 10 minutes at the 
end of which the gastropod's head 
is level with the edge of the clam's 
valve. The predator generally 
extends from its shell at this stage. 
Suddenly, the triton everts its 
long extensible proboscis and stabs 
the bivalve through the mantle 
between the gaping valves (Plate 
V). Sometimes two or three quick 
stabs are required to penetrate the 
mantle. The clam reacts by closing 
its valves, sometimes repeatedly, 
and often trapping the proboscis, 
which rarely appears to trouble the 
predator. Pumping movements of 
the proboscis may sometimes be 
observed. Within minutes the clam begins to relax and die and the triton proceeds to devour the prey 
using its proboscis (Plate V). The internal organs are generally consumed before the mantle. 
The time taken to paralyze and eat the clam depends on the relative sizes of the predator and 
prey. In cases where even a small triton was removed from its prey immediately after the first 
successful stab, the clam subsequently died. In the unsuccessful attacks observed the gastro- 
pod often waited for the clam to re-open its valves and then proceeded to attack again in the 
same fashion. 
Attacks were observed to take place from any location around the edge of the clam's 
valves and sometimes through the byssal orifice but almost invariably the proboscis was angled 
towards the center of the clam's mantle cavity. It appears that the tritons use some form of toxic 
salivary secretions to kill or paralyze their prey. C. muricinum harassed using a vice or small 
hammer were induced to evert their probosci defensively and produced both acidic (pH 2-3) and 
basic (pH 8) emissions detected using pH paper. Seawater measured pH 6 on this scale. 
Judging by the angle of  penetration of the proboscis and the rapid immobilization of the 
clam prey the target is probably the heart, pericardium or kidney. These organs appear to be 
approximately centrally situated in lateral views of tridacnids according to work carried out on 
the anatomy of  T: gigas by Yonge (1  980) and Norton and Jones (1  992). 
The method described above is frequently successful when employed by large juvenile or 
adult Cymatium spp. attacking small  T: gigas up to about 100-1  50 mm SL. However, sometimes 
tritons are observed feeding on the clam, either through the valve gape or byssal orifice without 
succeeding in killing the clam outright. The triton may crawl into the clam and feed under the 
mantle edges (Plate V)  or even inside the body cavity. This is the method favored by recently 
settled juvenile tritons but all sizes of  Cymatium spp. have been observed attacking large clams 
in this fashion. 
The logical consequence of the above observations appeared to be that no clam is im- 
mune to ranellid attack but smaller clams were more likely to die as a result. To  test this, three 
adult C. muricinum (37-48 mm) were placed in a tank containing adult  T: gigas. The tritons 
rapidly located a clam (410 mm SL) and having scaled the sides of the clam's valves they 
promptly inserted their probosci under the mantle edge of the clam to feed on the softer tissue 
there. This elicited violent reactions from the clam such as prolonged partial mantle retraction 
but did not appear likely to cause death. Adult C. muricinum have been observed using this 
method on broodstock  T: derasa and Hippopus hippopus in an ocean-nursery in the Philippines 
(pers. obs.). 
From the above, it appears that the probability of a triton killing T: gigas prey in an initial 
attack may bear relation to factors such as clam mantle toughness and the distance from valve 
edge to the centrally located vital organs. The relationship bstween length (SL) and shell height 
(SH) of  T: gigas was calculated based on data available at the ICLARM CAC (see Appendix 2): 
From equation (2.1) the vital organs of  T: gigas may be at a minimum distance from the 
upper valve edge roughly equivalent to one-third of the clam's shell length, assuming these are 
centrally located. 
The proportion of attacks by the four study species of  Cymatium observed to take place 
between the valve gape of  clams as opposed to through the byssal orifice are shown in Table 
2.1. The null hypothesis (H,)  tested was that an equal proportion of  attacks could be expected at each location (1  :I  ). This hypothesis was strongly rejected in the case of C.  muricinum in 
which 85% of attacks took place through the valve gape. Similar proportions were observed for 
the other species but, due to the small sample size, no significant difference in attack site was 
found for these data using binomial expansion. 
Rough measurements were made of the linear dimensions of the perimeter of the valves of 
T: gigas of the size range tested. The byssal orifice was found to represent 12-1  6% of the length 
of the valves around the valve gape. This proportion is similar to the proportion of attacks ob- 
served through the byssal orifice for C.  muricinum (15%). 
The proportion of attacks taking place at night for each triton species are shown in Table 
2.2.  Observations were recorded between 0700 and 1600 hours 4 days a week, data from 
Mondays and the weekend were not used. Ho  was that tritons had equal chances of feeding at 
any time of day or night. As the observations corresponding to "day" attacks were made during 
9 hours of the day and remaining attacks were lumped as "night" attacks; the ratio tested sup- 
posing equal chances of daylnight attacks was 9/15. The results were strongly biased and 
between 89 and 96% of attacks took place between 1600 and 0700 hours, the period of actual 
darkness extended for approximately 12  hours from 1830 hours. 
The observations on feeding methods and the results of size preference experiments 
reported below prompted an experiment to measure the maximum extent to which Cymatium 
spp. can extend their probosci in vivo. The measurement of the probosci of dead tritons was 
difficult and deemed not to be relevant to the true amount of proboscis extension the live animal 
is capable of. 
The results of the proboscis length experiment are shown in Fig. 2.1.  The proboscis of C. 
muricinum measured on average 123% of the triton's shell length and up to 165% in adult and 
larger tritons. For this species the relationship between triton length (SL) and proboscis length 
(PL) could be described by the equation 
Table 2.1. Location of attack of four species of Cyrnatium fed adlibitum on juvenile 
77  gigas (mean size 30 mm). Percentages are shown in brackets. See text for full 
details of  methods used to calculate probability. G = maximum likelihood statistic, 
*** p<0.001, ns not significant. Where n525 probability was calculated by binomial 
expansion (B). 
Location of  attack 
Byssal orifice  Valve gape  G 
C.  muricinurn  12  67 (85%)  41.94*" 
C. aquatile  2  4 (67%)  Bns 
C. pileare  1  5 (83%)  BnS 
C.  nicobaricurn  2  10 (83%)  Bns 
Table 2.2. Number of attacks by four species of Cymatiumfed  adlibiturnon juvenile 
77  gigas (30 mm mean shell length) recorded at night. "Night" represents a period 
from 1600 to 0700 hours. G = maximum likelihood statistic, *"*  p<0.001. 
Time of attack 
C.  muricinum  322  304 (94)  1  8  1  .98*'* 
C. aquatile  102  98 (96)  65.89*** 
C. pileare  82  73 (89)  29.35*** 
C.  nicobaricum  192  175 (91)  82.76"* C. aquatile 
+  C. nicobaricum 
20  30 
Snail length (mm) 
I 
40  50 
Snail length (mm) 
Fig. 2.1. Relationship between size of  live ranellid and maximum extension 
of  its proboscis under experimental conditions. A: Cymatium muricinum. B: 
C. aquatile, C. nicobaricum and C. pileare. 
Fewer observations were made 
on the less common species of 
Cymatium but proboscis length also 
appeared to be in the region of  120% 
of shell length for the individuals tested 
(Fig. 2.1 6). 
It may not be strictly correct to 
describe the relationship between triton 
and proboscis length in linear form as 
the latter may be a function of triton 
tissue weight and therefore relate to 
shell length as a power function. There 
is slight evidence of this in Fig. 2.1A 
and if true, equation (2.2) would tend to 
overestimate the proboscis length of 
small tritons and underestimate that of 
large tritons. 
Preference Experiments 
The term "preference" is used 
here in a loose sense as meaning a 
bias in the diet of the predator to 
certain prey types (Murdoch 1969). 
None of the attacks by Cymatium spp. 
observed during the preference experi- 
ments were of the "parasitic" or slow 
type described above. 
The results of the first preference experiment are shown in Table 2.3. The null hypothesis 
that consumed prey were evenly distributed between species is clearly rejected when the 
lumped data for each predator species is tested. The reason for the uneven distribution appears 
to be a bias towards the consumption of  7: gigas, the larger size class in particular. C.  aquatile, 
C. muricinum and C. pileare only consumed bivalves and the gastropod Cerithium tesselatus 
was not killed at all. 
In the second preference experiment (Table 2.4) C. nicobaricum was observed to consume 
Ce. tesselatus. The data are too sparse for the calculation of the maximum likelihood statistic G 
but probability tests based on binomial expansion of the gastropod prey consumed versus the 
total bivalve prey show a strong preference of the two largest size classes of  C.  nicobaricum for 
gastropods (p = 0.008 and p < 0.001,  respectively). No significant preference by the two smaller 
size classes of triton was found. 
The results of the third experiment testing the preference of  C.  muricinum for 7: gigas and 
H. hippopus are shown in Table 2.5. Offered prey were all byssally attached and all attacks 
were observed to take place between the valve gape. Overall, both small and large C. 
muricinum showed strong preference for  T: gigas although there was some variation between 
individual tritons. Table 2.3.  Prey species preferences of two individuals each of Cymatium aquatile, C. muricinum and C. pileare. Prey consisted of 
juvenile Tridacna gigas, Pinctada maculata and Cerithium tesselatus (Ct)  over a 10-week period. G = maximum likelihood statistic, 
"*  p<0.001. 
Prey species 
Species 
Mean  T: gigas  T: gigas  f?  maculata  F1 maculata  Ct  G 
size  (25-40 mm)  (1  5-20 rnrn)  (40 mm)  (20 mm) 
C. aquatile  32.9  10  4  2  1  0 
26.8*"* 
C. aquatile  31.7  4  5  1  0  0 
C. muricinum  29.5  8  4  1  1  0 
31.4*" 
C. muricinum  30.2  8  4  1  0  0 
C. pileare  45.3  8  5  3  2  0 
23.5*" 
C. pileare  35.3  7  7  1  1  0 
Table 2.4. Numbers of three available prey species consumed by Cymatium nicobaricum over 
18 days. C. nicobaricum  were divided into four groups of four similarly sized snails. 
Group  1  2  3  4 
Cerithium tesselatus (20 mm)  12  14  7  1 
Pinctada maculata (30 rnm SL)  4  1  1  3 
Tridacna gigas (30 mm SL)  2  3  6  0 
Mean size of  C. nicobaricum  35.4  32.0  29.0  14.4 
Table 2.5. Quantities of prey consumed by two size classes of Cymatium muricinum 
presented with a choice of  Tridacna gigas or  Hippopus hippopus (40-50 mm shell 
length). G = maximum likelihood statistic, * 0.05>p>0.01, "  0.01 > p > 0.001,  "* 
p<0.001,  ns not significant. Where 1-1525  probability was calculated by binomial 
expansion (6). 
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The results of the size preference experiment where three size classes of  T: gigas were 
offered to C.  muricinum are shown in Table 2.6. As the calculated expected frequencies are 
greater than 10 for the total consumption figures of both size classes of triton the maximum 
likelihood statistic G was calculated (Conahan 1970 in Sokal and Rohlf 1981). For both small 
and adult tritons the prey eaten were not evenly distributed between size groups, small clams 
were consumed less than the other two size classes (p = 0.014 and p .: 0.001, respectively, Table 2.6. Size preference of  juvenile and adult  Cymatium muricinum for three size ranges of 
juvenile  Tridacna gigas over a 3-week period. G = maximum likelihood statistic of pooled results 
for each size range of snail, * 0.05>p>0.01, "  0.01>p>0.001. 
Mean  Size class of  T gigas 













asnail died after 10 days. 
based on binomial expansion). Small 
tritons appeared to consume most clams in 
the medium size class (30 mm SL), a trend 
which is clear in all the replicates. Most of 
the clams consumed by large tritons be- 
longed to the large size class (50 mm SL), 
a trend visible in three of four replicates. 
Time Required by C. muricinum 
to Kill T.  gigas 
Fig. 2.2 shows the relationship be- 
tween clam size (measured as both shell 
length and estimated biomass) and time 
taken for recently settled C.  muricinum to 
kill their prey. Small clams (<20 mm SL) 
are killed within 3 or 4 days while clams of 
around 80 mm SL may take more than a 
month to die. The data are sparse and no 
attempt at linear regression was made as 
the relationship can be expected to be a 
complex one. Major factors are probably 
the growth rate and size specific consump- 
tion rate of the tritons and the amount of 
tissue clams may lose or regenerate before 
death ensues. 
Clam shell length (mm) 
- 
Clam dry tissue weight (mg) 
The time reauired for adult C.  Fiu. 2.2.  The relationship between size of juvenile  Tridacna gigas and 
time required to be killed by juvenile ~~matium  muricinum (4-5mrn ini-  muricinum  kill  large juvenile '  gigas is  tial shell length) in aquaria.A: Size of  7: gigasin terms of shell length. 8: 
shown in Fig. 2.3. The few clams available  size of  T.  gigas in terms of estimated dry weight biomass. for this experiment were relatively old for 
their size and were deemed to have thick, 
heavy mantles. Tritons attacking the clams 
failed to penetrate the mantle with their 
probosci and fed on the soft tissues be- 
tween valve and mantle. The results show 
an increase in survival time with increased 
size of clam. The 170 mm SL clam sur- 
vived the 11  -day duration of the experi- 
ment.  0  L---L  1  i  loo 
120  140  160  180 
Clam shell length (mm)  2.4 Discussion 
Feeding Methods  J 
Fig. 2.3.  Relationship between size of  Tridacna gigas in terms of shell 
length and time required to be killed by adult  Cymatium muricinum in 
The observed feeding method of 
aquaria. 
Cymatium aquatile, C. muricinum, C. nicobaricum and C. pileare in which the proboscis is 
inserted between the valves of the bivalve prey is broadly similar to that described for other 
ranellids such as C. parthenopeum (Laxton 1971), Linatella caudata (Muthiah et al. 1985; 
Morton 1990b), C. muricinum and C. pileare (Houbrick and Fretter 1969). Indeed these methods 
are very similar to those used by certain snails of the, evolutionary more advanced, 
Neogastropoda such as Hemifusus ternatanus (Morton 1986) and Buccinum undatum (Nielsen 
1975). These two species use the inhalant siphon and cephalic tentacles in prey detection, as 
observed in this study for Cymatium spp. Nielsen (1  975) also reported that B. undatum was 
able to feed with its proboscis partially trapped between the valves of its prey. 
The species of  Cymatium studied fed predominantly at night, in line with the findings of 
Houbrick and Fretter (1  969) with the exception that starved individuals fed at any time of day on 
available prey, including carrion. Most attacks on T: gigas occurred between the valve gape 
rather than through the byssal orifice but this is probably due to the larger area of the former 
rather than any active preference exercised by the triton. 
The feeding methods of  C.  muricinum are highly versatile and opportunistic. These meth- 
ods range from the almost instant killing of prey, often larger than the triton itself, to parasitism 
of juvenile or adult giant clams. The rapid eversion of the triton's proboscis through the tissue 
barriers of  mantle and internal organs and the emission of toxic saliva represents a formidable 
weapon that easily circumvents defences evolved by bivalves against boring and crushing 
predators (Vermeij 1978). It is possible that the acidic salivary secretions not only serve to 
immobilize the prey but also aid in digestion (Houbrick and Fretter 1969; Morton 1990b) or 
facilitate the penetration of the proboscis through tissue. 
The predatory Cymatium do not appear to choose a feeding method. If the initial rapid 
attack fails, the triton still uses its proboscis to feed on the clam. Recently settled ranellids feed 
on tridacnids almost parasitically and may often be observed inside the mantle cavity or be- 
tween shell and mantle of infested clams. 
Three factors may determine whether these species of  Cymatium may kill a tridacnid clam 
in an initial attack: 
i.  The relationship between triton size and clam size. The length of the triton's probos- 
cis is related to the size of the triton and the distance from the byssal orifice or valve 
edge of the clams to the internal organs targeted during attacks is related to clam size. Thus, in the absence of other factors, the ratio of triton proboscis length to 
distance of the clam's internal organs from the valve's periphery could determine the 
maximum size of clam killed. Using equations (2.1) and (2.2) derived for these 
parameters it can be estimated that an adult C. muricinum (35-45 mm SL) could 
theoretically kill up to 130-1  67 mm SL T.  gigas. Occasionally, larger Cymatium are 
found in ocean-nurseries such as a 64 mm specimen of  C. pileare found in this 
study. Other factors aside, this triton could possibly kill T gigas up to 240 mm SL. 
ii.  The toughness or thickness of the clam mantle. Tritons were observed to fail to 
penetrate the mantle of certain clams. These clams were generally relatively old and 
appeared to have heavier, thicker mantles. Fast growing clams were relatively large 
but appeared to have thinner mantles than slow growing or adult clams. Thus in- 
creased mantle thickness would seem to  increase the resistance of clams to the 
more destructive methods of  Cymatium predation. 
iii.  The ability of clams to close their valves tightly and the sharpness of these. The tight 
closure of clam valves could prevent tritons penetrating the mantle with the probos- 
cis. Tightly trapping the proboscis of an attacking triton could prevent feeding and 
even damage of the triton. These effects would be more pronounced if the valve 
edges were particularly sharp and close-fitting. This factor appears a likely explana- 
tion for the preference shown for  7: gigas over H. hippopus by C. muricinum dis- 
cussed below. 
Prey Preference 
The degree of differential feeding of predators on prey of different sizes or species is 
commonly characterized by passive and active components (Pennings 1990). The physical 
features of prey, predator and environment govern the passive components which are chiefly 
encounter rates and capture success probability. The role of active choice by the predator (i.e., 
the probability of an attack given an encounter) is a major question in the field of foraging ecol- 
ogy (Pennings 1990), but accumulating evidence suggests that many gastropods do make 
behavioral diet selections (Hughes 1986). 
The results of the present prey preference experiments can be explained largely in terms 
of encounter rates and "capture" success. However C. muricinum, C. aquatile and C. pileare do 
appear to actively select bivalves and were never observed to attack gastropods (Table 2.3).  C. 
nicobaricum, on the other hand, actively selected the gastropod Cerithium tesselatus over 
bivalve prey but was also observed to attack bivalves. These findings are in broad agreement 
with those of Houbrick and Fretter (1  969) although these authors do not report C. nicobaricum 
feeding on any bivalves. 
The prey encounter rates of  Cymatium spp. in the preference experiments (and possibly in 
the field) may be determined by the ease with which different prey are detected by chemical or 
visual stimuli or by random encounters during foraging. In any case it seems reasonable to 
suppose that the biomass or size of  prey plays a major role in the encounter of prey. The factors 
determining the success of attacks have been discussed in the previous subsection. 
The order in which bivalves were preferred by C.  aquatile, C. muricinum and C. pileare 
was: large T. gigas > small T. gigas > large i?  maculata > small P maculata. Encounter rates 
alone cannot explain this ratio of preferences as tritons preferred large and small T gigas to P 
maculata of either size. This discrepancy may be explained by the narrower valve gape of the pearl oysters and the capacity of bivalves of this group to retract mantle and vital organs a 
considerable distance from the valve edge (Yonge 1953 in Vermeij 1978). Both these features 
could greatly reduce the probability of successful attacks on the oysters. 
Large C. nicobaricum clearly prefer the gastropod Ce. tesselatus to either T: gigas or t? 
maculata (Table 2.4) while no such clear preference may be observed for the smaller C. 
nicobaricum. It is possible that prey preferences vary with size or age of gastropod predator 
(Broom 1983) but in this case the explanation most likely lies in the constant size of prey offered 
to all size groups of predator. The specimens of  Ce. tesselatus (20 mm) used were actually 
larger than the C. nicobaricum in the smallest size group (14.4 mm) which may have seriously 
reduced the chances of capture success. 
The strong preference shown by C. muricinum for  T: gigas over H. hippopus is consistent 
with the results of Perron et al. (1  985). However, more variation between individual tritons was 
observed in the current experiment (Table 2.5) which was of longer duration and employed 
smaller clams than those used by Perron et al. (1985). The greater resistance of H. hippopus to 
attack when compared with T: gigas, was attributed to the tightly closing byssal gape of the 
former species (Perron et al. 1985). This does not explain the results obtained here as no 
attacks took place through the byssal gape on either species. 
Another distinguishing feature of the shell morphology of H.  hippopus is the precise fit of 
the interdigitating valve margins which are sharp and angled to face each other (Yonge 1980). 
The internal anatomy of H. hippopus has also been shown to differ from that of  Tridacna spp. 
having a lower visceral mass and anteriorly displaced pericardium (Yonge 1980; Shelley and 
Reid 1988). Both these differences could be expected to reduce the probability of successful 
Cymatium attacks on H. hippopus as the proboscis of the predator could be damaged by the 
sharp valves of the clam and the internal organs of H.  hippopus may be more inaccessible than 
those of similarly sized species of  Tridacna. 
The results of the size preference experiments can also be explained in terms of passive 
components of prey selection rather than active selection. Encounter rates by tritons should 
increase with increased clam size thus larger clams would be more often attacked. The success 
of the attack would depend on the relative sizes of clam and triton. Large tritons (mean size 35 
mm) in the size preference experiments consumed clams preferentially in inverse order of size: 
large > medium > small. This size of triton should have no difficulty in handling 50 mm SL T: 
gigas according to equations (2.1) and (2.2). This is not the case with the smaller tritons, which 
consumed less large clams than medium sized ones. Applying the same criteria, these tritons 
(some of which started the experiment at a size of less than 16 mm) could be expected to have 
difficulty killing clams of 41 to 57 mm SL although the calculated proboscis lengths would be just 
sufficient to reach the center of the clams. 
Care has to be taken in the interpretation of  results from these preference experiments. 
Firstly, most experiments were performed with a restricted number of test organisms and all in 
laboratory conditions. Secondly, although all predators were starved before the experiments, the 
effects of "ingestive conditioning" (Murdoch 1969; Hughes 1986) of the animals in the wild may 
introduce an unwanted variable in the experimental results. Predators were collected from 
ocean-nurseries containing T: gigas, seasonally variable numbers of fouling oysters, gastropods 
and a small number of H.  hippopus. It is possible that the predators in these experiments were 
more likely to respond to stimuli from a prey species previously consumed in abundance. Fur- 
thermore, a "functional response" of gastropods exposed to an abundance of a certain prey type may be to "learn" to handle it efficiently (Jory et al. 1984). Provided the results are used in the 
context of tridacnid ocean-nurseries this second factor may not be critical. 
Time Required  by C. muricinum to Kill T.  gigas 
The factors determining whether a ranellid can kill T: gigas prey rapidly are discussed 
above. If the bivalve prey is not killed instantly the triton usually feeds on the clam's tissues 
regardless. There is apparently no size limit to the tridacnids which may be fed on in this way 
but the relative sizes of triton and prey and the duration of feeding appear to determine whether 
a clam may survive the attack. Recently settled C. muricinum may feed on juvenile clams for 
more than 2 months before causing death. 
Perron et al. (1  985) suggested that C. muricinum was capable of killing T: gigas exceeding 
170 mm SL and that adult tritons could kill 100 mm SL T: gigas in 4 to 5 days. These results are 
consistent with the current work. The effects of attacks through the byssal orifice were not 
examined in this study but are probably similar to attacks through the valve gape under labora- 
tory conditions. 
implications for the Ocean-Nursery Culture of  Tridacnid Clams 
Encounter rates and physical features of predator and prey seem to be the major factors 
determining the impact on tridacnid clams of predation by C.  aquatile, C.  muricinum, C. pileare 
and, in the absence of other gastropods, C. nicobaricum. T: gigas appears particularly vulner- 
able to the predation methods used by these ranellids whereas H. hippopus is relatively resis- 
tant. This result is reflected in the lower predator-related mortalities of this species in ocean- 
nurseries (Heslinga et al. 1990; Govan et al. 1993). 
Owing to the use of chemical stimuli by Cymatium spp. in the detection of prey it would 
appear advisable to remove extraneous potential prey items such as fouling pearl oysters from 
ocean-nurseries in order to avoid increased production of attractant chemical stimuli. 
The maximum size of clam that a ranellid can kill is proportional to the size of triton. As 
reported by Perron et al. (1  985), T: gigas over 170 mm SL are not necessarily immune to attack 
by ranellids. The minimum size at which a clam farmer may deem his clams to be resistant to 
predation by Cymatium spp. will depend on the species of clam, but also on features such as 
the mantle thickness (possibly related to age) and the substrate upon which the clams are 
placed. 
Juvenile tritons feeding on larger clams may do so continuously and from inside the clam. 
The only indication of this type of attack may be a loss in clam condition prior to death. Large 
tritons feeding on large clams are likely to do so nocturnally as during daylight these tritons 
would provide tempting targets for other molluscivores such as fish. This would explain the lack 
of reports of  Cymatium spp. attacking adult clams as most dives on ocean-nurseries are carried 
out in daytime. 
The type of substrate on which the clams are placed may play a crucial role in providing a 
refuge from which tritons may attack clams through the byssal orifice (c.f., Perron et al. 1985) 
and escape detection by the clam farmers or other predators. The use of gravel or rubble sub- 
strates would appear to be undesirable in this respect. Cement substrates are used at the 
ICLARM CAC to avoid this problem (Govan 1992a). The capacity of these tritons to immobilize or weaken clams much larger than themselves 
may benefit other scavenging organisms in ocean-nurseries and grow-out areas which consume 
clam tissue but are not capable of killing larger tridacnids. 
Stocks of clams must be checked frequently by clam farmers and tritons removed. At- 
tempts to prevent access of larger and more destructive tritons to clams such as the use of 
trestle legs on cages would seem appropriate (Govan et al. 1993). 
This work, that of  Perron et al. (1  985) and particularly that of Govan et al. (1  993) suggests 
that Hippopus hippopus and perhaps other tridacnid species that are also relatively fast growing 
initially may have better chances of reaching escape size from ranellid predation than T: gigas. 
This would explain the higher survival of  7: derasa and H. hippopus than for 1  gigas generally 
observed in ocean-nurseries around the region (Batibasaga, Hambrey, Heslinga, pers. comms.). 
Evolutionary Adaptations of Bivalves to Ranellid Predation 
It is interesting to speculate what adaptations, if any, coral reef bivalves have evolved to 
defend themselves against these highly persistent and voracious predators. Vermeij (1  978) 
indicated a number of adaptations of tropical bivalves that confer greater resistance to drilling 
and crushing predators, in particular the development of sturdy valves. 
Adaptations that may relate to the type of predation used by ranellids and described here 
were not mentioned by Vermeij (1  978) in his comprehensive review. The zipper-like hinge of 
Hippopus hippopus may be such an adaptation as suggested by Perron et al. (1  985). The 
directional jet of water ejected through the exhalent siphon by clams reported by Stasek (1  965) 
to deter grazing fish has occasionally been observed to dislodge predatory ranellids during the 
course of this work. The scutes of certain adult and all juvenile tridacnids, the lamellae and 
extended lips of the Pteriidae and Pinnidae and the shell projections of bivalves such as the 
Spondylidae may serve to keep ranellids further away from the bivalve's vital organs. The ca- 
pacity of some tropical pteriomorph bivalves to retract the mantle a considerable distance from 
the valve edge (Yonge (1  953), in Vermeij (1  978)) would also seem to be a good defence against 
ranellid predation. Investment in the formation of such shell structures at an early stage in the 
life of the bivalve would make sense in these terms. Perhaps the evolution of these structures in 
turn explains the prodigious development of the ranellid proboscis. Growth Rates and Consumption 
of Prey by Cymatium spp. 
3.1 Introduction 
Ranellid gastropods are often abundant predators in tridacnid ocean-nurseries (Govan 
1994). In some cases most of the predatory ranellids are recently settled juveniles while in other 
cases the bulk of tritons are mature or adult (Heslinga et al. 1990; Govan et al. 1993). 
Perron et al. (1  985) reported that potential destructiveness increases rapidly with size in 
the case of Cymatium muricinum attacking Tridacna gigas, measured in terms of time taken for 
various sizes of triton to kill 100 mm SL clams. No quantitative data have been published re- 
garding the consumption rates of  ranellids with the exception of limited work on adult Linatella 
caudata by Morton (1  99Ob) and Thangavelu and Muthiah (1  983). 
The relative impact of different sizes of  Cymatium spp. in terms of clams killed or con- 
sumed is of great interest to clam farmers as potential methods of predator control vary accord- 
ing to the size of ranellid targeted (Govan et al. 1993). 
This chapter details work carried out to estimate growth rates and consumption of C. 
muricinum, C.  aquatile, C. pileare and to a lesser extent C. nicobaricum. In subsequent chap- 
ters, the calculated rates will be applied to field data obtained from Solomon Island ocean- 
nurseries in order to obtain estimates of the impact of these species on clam farming and in- 
sights into factors affecting their recruitment in ocean-nurseries. 
Gastropod Growth 
Energy used for somatic growth is that remaining after expenditure on metabolism, secre- 
tion, excretion and reproduction. Metabolism accounts for most of the energy absorbed in 
gastropods and thus the amount of energy available for growth and reproduction is largely 
determined by rates of  ingestion and respiration which in turn are functions of body size, food 
supply and temperature (Hughes 1986). 
Growth in gastropods is most easy to measure as a linear increment of the shell, converted 
to somatic growth by using the relationship between tissue weight and shell size. This approach 
assumes that snails keep the same shape throughout life and that body weight is directly pro- 
portional to internal volume of the shell and hence the cube of any of its linear dimensions 
(isometric growth). This assumption is rarely met (Hughes 1986) and regressions of body weight 
29 on shell size giving an allometric relationship have to be calculated for the species in question in 
the form of: 
where W and L are weight and length, respectively, "a" and "b" are constants (for given units of 
L and W), "b" assuming the value "3  in the case of isometric growth. 
Even then, shell size may not be an accurate index of biomass or even shell weight 
(Palmer 1981) and care must be taken when trying to interpret shell growth in terms of tissue 
growth over short time intervals (Hughes 1986). 
In this context Laxton (1  970a, 1970b) found that the growth of three species of New 
Zealand Ranel  lidae (  Cabestana spengleri, Cymatium parthenopeum and Ranella australasia) 
was discontinuous consisting of periods of rapid growth of up to half a whorl after which a flared 
lip is produced. Growth may proceed after the formation of this lip (or varix) or it may cease for 
an undefined dormant period followed by another period of growth. This episodic pattern of shell 
growth is characteristic of certain members of Ranellidae, Bursidae, Cassidae and Muricidae 
(Laxton 1970a, 1970b; Linsley and Javidpour 1980). In the case of ranellids studied by Laxton 
(1  970a), shell growth was found to be independent of tissue growth which may proceed at a 
more steady rate sometimes greatly exceeded by shell growth. 
Shell growth in terms of length of  Cymatium spp. was of prime interest in the present study 
as field data could only be obtained in this format. Moreover, weighing test organisms in the 
growth studies was deemed too complicated and disruptive to the animals (see Section 3.2 and 
Wilbur and Owen 1964). In an effort to supplement the linear measurements obtained, allomet- 
ric curves were constructed for each of the study species. 
Shell deposition involves the production of a largely proteinaceous, organic matrix upon 
which calcium carbonate crystals are deposited (Wilbur 1964; Barnes 1980; Hughes 1986). The 
tissue responsible for forming the shell is the mantle, thus the rate of increase of shell area is a 
function of mantle area whereas the rate of increase in thickness and weight is a function of the 
secretion rates of the organic matrix and calcium carbonate (Wilbur 1964). Secretion of the 
organic matrix constitutes the major organic cost of shell secretion and is a significant portion of 
the energy budget (Hughes 1986). 
The first shell or protoconch is laid down by the larva and consists of the first whorls at the 
apex of the shell, the remaining whorls or teleoconch are laid down by the mantle edges of the 
growing snail (Barnes 1980). The gastropod shell consists of a number of layers of calcium 
carbonate in various crystal arrangements and in some snails, such as the Ranellidae, an outer 
periostracum composed of a quinone-tanned horny protein material called conchiolin (Wilbur 
1964; Laxton 1970a; Barnes 1980). 
Growth in most animals decelerates as they extend beyond a certain size, usually reached 
as early juveniles. Growth can be described for most of an animal's life as an asymptotic curve 
such as that described by the von Bertalanffy Growth Function (von Bertalanffy 1957; Hughes 
1986). This implies that the proportion of absorbed energy used for tissue production (produc- 
tion efficiency) changes with body size. Production efficiency is equivalent to growth efficiency 
(proportion of ingested energy used for somatic growth) up until the onset of sexual maturity 
after which an increasing fraction of production is channeled to reproduction (Hughes 1986). 
Production efficiencies of gastropods are widely reported to be highest during the larval or 
younger stages (Edwards and Huebner 1977; Bayne and Scullard 1978; Hughes 1986; Morton 
1986, 1990a). The von Bertalanffy Growth Function (VBGF) is the most widely used model to describe 
growth patterns in fisheries ecology (Wootton 1990) and has been found to be generally appli- 
cable to bivalve growth as well (Vakily 1992). The VBGF has been used to describe growth in 
gastropods (Broom 1982; Hughes 1986) and for C.  muricinum in particular (Perron et al. 1985). 
These last authors did not check, however, that the basic assumptions of the VBGF applied to 
gastropods. 
By assuming that the rate of energy absorption obeys a "surface law" and that metabolic 
rate obeys a "volume law" (i.e., proportional to the square and cube of a linear dimension of the 
body, respectively) von Bertalanffy (1  957) derived an equation describing an asymptotic curve 
(Hughes 1986). The integrated form of this equation for length is commonly given as presented 
by Beverton and Holt (1  957): 
where 
L_  is the asymptotic length, i.e., the mean length the animals would reach if they grew 
indefinitely; 
K  is a growth coefficient with dimension time-'; 
to  is a location parameter indicating where the growth curve crosses the time axis; and 
Lt  is the predicted length at age t. 
In fisheries ecology it has been found that the assumptions implicit in equation (3.2) of 
growth being limited by an isometrically growing surface and weight being proportional to the 
cube of length are not realistic (Gaschutz et al. 1980; Pauly 1981 in Soriano et al. 1990). In the 
case of gastropods Hughes (1  986) reports considerable departures from the surface law for 
ingestion rates, and metabolic rates falling between the expectations of the volume and surface 
laws. Therefore it seems more appropriate to use the "generalized" form of the VBGF in which 
the above assumptions are relaxed (Gaschutz et al. 1980). This physiologically more correct 
model (equation 3.3) introduces the gill surface factor "DU  (Pauly 1979 in Vakily 1992) which 
allows departures from the surface and volume laws mentioned above to be accounted for. In 
this case D = b - a where "a" is the exponent of the relationship between length and the surface 
and "b  is the exponent of the the same relationship with weight or volume (Wootton 1990). 
Other useful modifications of the VBGF include models that account for seasonal growth 
oscillations (Gaschutz et al. 1980) and animals that present two distinct growth phases (Soriano 
et al. 1990). 
Gastropod Consumption Rates 
Consumption rates of prey by predatory gastropods can be expected to depend on the 
successful encounter and attack of the prey (see Section 2.4) and the ingestion rate. If appropri- 
ate prey are super-abundant (as is the case with C.  muricinum and T: gigas in ocean-nursery 
cages), then ingestion rate may be relatively more important along with environmental factors 
affecting metabolic rate such as temperature (Hughes 1986). Ingestion rate is largely determined by mechanical properties of the feeding apparatus (Hughes 1986), particularly by 
the area of the absorptive surfaces. Therefore, if growth were isometric, ingestion rate would be 
expected to be proportional to (body  (or (length)*). In many gastropods there are 
considerable variations from this relationship (Hughes 1986). 
Laboratory feeding estimates usually lead to estimates of gross food conversion efficiency 
(K1) which are obtained for small intervals from (Pauly 1986): 
K,  = growth increment / food ingested  ...  3.4) 
Usually K,  declines with body size and a standard procedure is to plot empirical values of 
K,  against the mean weights corresponding to each growth increment (Pauly 1986; Silvert and 
Pauly 1987): 
K,  = cWa  ...  3.5) 
where W is the body weight and "c" and "a" are empirical constants. Pauly (1986) points out that 
these empirical constants have no biological meaning and that this model implies that K,  is 
always > 0  even though it is known that fish cannot grow beyond certain sizes. Pauly (1  986) 
proposed a new model that is compatible with the VBGF (Silvert and Pauly 1987) and has the 
form: 
where W,is  the weight at which K,  = 0 and P  is an empirical constant. 
The recently proposed model (3.6) has been applied to fish (c.f., Pauly and Palomares 
1987) but does not appear to have been applied to other animals. Published studies of gastro- 
pod consumption frequently express this in terms of ration, i.e., food ingested as a percentage 
of body weight per day (Edwards and Huebner 1977; Bayne and Scullard 1978; Ansell 1982; 
Hughes 1986; Morton 1986, 1990a, 1990b). Broom (1  982) used the power function of equation 
(3.5) to relate consumption to body weight and Thangavelu and Muthiah (1  983) expressed 
consumption of  Linatella caudata in terms of numbers of oysters per day. 
3.2 Methods 
Allometric curves for the length-weight relationships of C.  aquatile, C.  muricinum, C. pileare 
and C.  nicobaricum were constructed based on tritons available in the ocean-nursery at 
ICLARM CAC. For each triton the following parameters were recorded: shell length, growth 
stage, number of varices, state of  periostracum, total blotted weight (Morton 1990a) and dry 
tissue weight. 
Dry weights were obtained using a microwave oven set at low power. Samples were dried 
until a constant weight was attained, usually around 4 hours. This drying technique was ob- 
served to provide similar results to those obtained using conventional drying ovens (pers. obs. 
and P.  Munro, pers. comm.). Electric power was only available 16 hours a day which combined 
with the high ambient humidity precluded the use of slower, electric ovens. 
During laboratory experiments involving the repeated measurement of ranellids the 
protoconchs of tritons were occasionally damaged by the Vernier calipers, causing reductions in 
measured length, as reported by Morton (1986) in the case of similar studies on Hemifusus tuba. The destruction of protoconchs in the present work was accounted for by correcting length 
measurements where necessary by adding the known size of emergent protoconch for the 
appropriate species. Protoconchs were removed from dead juvenile tritons of all four species 
and measured. 
Specimens of tritons for growth and consumption studies were collected from ocean- 
nurseries at the smallest possible sizes (4-20 mm) and individually placed inside one of 20 
different flow-through compartments in a 40-1 aquarium as soon as possible. The compartments 
had perforated bases and were designed to maximize through water flow and minimize any 
mixing of water between compartments. Compartments measured 5.5 x 9.5 x 17 cm deep and 
the aquarium measured 29 x 70 x 20 cm deep. The water flow through the aquarium was main- 
tained as high as possible (10-12.5 I.min-'). 
The tritons were provided with their preferred prey species and size (c.f., Chapter 2), i.e., 
juvenile T: gigas. Unlike Polinices duplicatus (Edwards and Huebner 1977), ranellids were 
observed to consume prey entirely but care was still taken that clams were of a size that tritons 
could consume before significant amounts of tissue were lost due to putrefaction. This was 
generally 30 mm shell length (SL) but very small tritons received smaller clams. 
The dimensions of all clams consumed were measured 5 days per week along with the 
location and time of day of the attack if observed. This allowed the determination of wet and dry 
tissue weights based on relationships between length, volume and tissue weight described in 
Appendix 2. Water temperature was also measured and varied between 28 and 31  "C, equiva- 
lent to the water temperature in the ocean-nursery. 
It was found that C. muricinum which were handled and measured three or more times per 
week in aquaria exhibited reduced growth and shell thickening so experimental tritons were 
handled as little as possible. Consequently weight could not be ascertained. Tritons were mea- 
sured weekly at the same time of day and the stage of varical formation was also recorded, i.e., 
between varices, varix forming or varix formed. 
Statistical Analysis and Model Fitting 
All data acquired were entered into computer databases using the program DataEase 
running on MS-DOS based computers. Data were sorted as required and exported to a spread- 
sheet program (Supercalc5) for graphing, manipulation and basic statistical analysis. Data were 
exported from the spreadsheet in ASCII format for analysis by other programs. 
Parameters of the allometric relation (equation 3.1) are commonly derived by linearizing 
the variables through logarithmic transformation and using linear regression (Ricker 1973, 1979; 
Sparre et al. 1989; Prein 1990; Hopkins 1992). This was the approach used here and the linear- 
ized equation takes the form: 
where the parameters are those from equation (3.1) and natural logarithms were used (In). This 
same procedure was used when estimating the parameters of gross conversion efficiency 
(equation 3.5) and other power functions. The log transformation introduces a systematic bias 
into the calculations when using the relationship for conversions. This bias can be eliminated by 
multiplying the predicted values by a correction factor (F) obtained from: where "SEE" is the standard error of the estimate (Sprugel 1983). 
The appropriate type of linear regression to be used in the case of equation (3.7), and 
indeed many regression analyses in biology have been the subject of some debate (Ricker 
1973, 1979; Laws and Archie 1981  ; Sokal and Rohlf 1981  ; Prein 1990). It is worth summarizing 
here the assumptions of the main regression models (based on Ricker 1973, 1979 and Sokal 
and Rohlf 1981) to better justify the models used in this work. 
Model I or predictive regression is the more commonly used and available in software 
packages. This is often the most suitable in controlled experimental situations (Sokal and Rohlf 
1981) but is inappropriate in many biological regression situations (Ricker 1973; Laws and 
Archie 1981  ;  Sokal and Rohlf 1981). The major assumptions of this model are: i) the indepen- 
dent variable X is measured without error or is under the control of the investigator, ii) the de- 
pendent variables Y for any given X are independently and normally distributed, iii) the samples 
along the regression line are homoscedastic, i.e, the variance around the regression line is 
constant and independent of the magnitude of X or Y. 
Model II or functional regressions are appropriate where the two variables are distributed 
according to the bivariate normal distribution, with or without measurement error, where regres- 
sion parameters are required rather than prediction or where the distribution of the variates is 
non-normal and open-ended (Ricker 1973; Sokal and Rohlf 1981). The most accurate estimate 
of the functional regression is given by a geometric mean (GM) regression provided that vari- 
ability is mainly inherent in the material and in certain other cases (Ricker 1973). Ricker (1  973) 
recommends the use of GM regression for a number of common regression situations in fisher- 
ies biology including allometric equations (1ength:weight and other morphometric analyses), 
estimation of  routine metabolic rates and estimates of fish catchability. 
The slope of the GM regression can be calculated by dividing the slope of the predictive 
regression by the correlation coefficient of the relationship (r) and the intercept can be calcu- 
lated by substitution in the regression equation using the calculated slope and the mean values 
of X and Y (Ricker 1973; Sokal and Rohlf 1981  ; Sparre et al. 1989). Ordinary symmetrical 
confidence limits for the slope were calculated as recommended by Ricker (1  973) and Sokal 
and Rohlf (1  981) as these represent the most satisfactory approximation to the true values and 
will rarely lead to incorrect conclusions (Ricker 1973). 
The GM regression was deemed appropriate for calculating allometric curves and con- 
sumption rates and unless otherwise stated is the model used throughout the chapter. 
Growth data were fitted to the special and generalized VBGF of equations (3.2) and (3.3) 
and the biphasic growth models of Soriano et a1.(1990) using a nonlinear fitting routine based on 
the Gauss-Newton method (kindly provided by D. Pauly of ICLARM). The constant "D  of equa- 
tion (3.3) was estimated using equation (3.9) from Gaschiitz et al. (1980) although the assump- 
tions implicit in this equation do not necessarily apply to gastropods. 
W,,,  is the maximum weight recorded for the organisms of a given stock in grams. 
The timelshell length datasets obtained for individuals of each species were submitted to 
analysis to obtain estimates of the growth parameters of the two models of the von Bertalanffy 
growth function following similar steps to those used by Vakily (1992). A total of 61 datasets 
were available of which 21 were excluded as they did not permit analysis with the nonlinear 
fitting routine largely owing to insufficient number of data points or stagnant growth in the case of  C. nicobaricum. Computed growth parameters were checked and omitted if standard errors 
(SE) of  L_  or K were greater than 10 or 20%, respectively. This eliminated parameters which 
were invariably outside the range of expected values for Lm  and most analyses with high re- 
sidual sum of squares (rss). These steps reduced the original datasets to nineteen which fitted 
either or both VBGF models, ten of which belonged to C. muricinum. 
The age of tritons was not known therefore the first point in each data set was assigned the 
value 0 (the start of the experiment) and subsequent data points in the set were assigned time 
values related to that start point. As the parameter to does not influence the shape of the growth 
curve, it was not necessary for the comparison of growth parameters (Vakily 1992) and was 
omitted. 
The growth performance index $I' (Pauly 1991) was calculated for each species where 
possible to facilitate comparison of the growth performance between species. The parameter $I' 
is derived from values of L_ and K of the VBGF using equation (3.10): 
3.3 Results 
LengthNlleight Relationship 
Tritons collected for the analysis of lengthlweight relationships were generally larger than 
11 mm in length owing to a scarcity of smaller tritons during the collection period. Insufficient 
numbers of  C.  nicobaricum were collected for analysis. The parameters of the allometric equa- 
tion (3.1) calculated for the  remaining three species are shown in Table 3.1 for both total live 
weight and dry tissue weight. 
Table 3.1. The relationship between length (rnrn) and weight (rng) for three ranellid gastropods 
of the genus Cymatium described by the function: Weight = a(~ength)~.  Also shown is the 95% 
confidence interval (c.i.) for the parameter "b  and the correlation coefficient of the relationship. 
Species  a  b  c.i.  n  r2 
Dry flesh weight (rng) 
C. muricinum  0.0035  8095  +0.245  58  0.912 
before 1  st varix  0.0002  4.108  k0.524  22  0.925 
after 1  st varix  0.0069  2.900  50.619  32  0.672 
C. aquatile  0.0001  3.791  50.708  17  0.885 
C. pileare  0.0005  3.51  5  iO.519  28  0.866 
Total wet weight (rng) 
C. muricinum  0.1032  2.937  i0.097  79  0.979 
before 1  st varix  0.0903  2.988  i0.170  39  0.971 
after 1  st varix  0.0851  3.009  i0.335  40  0.885 
C. aquatile  0.0321  3.21  7  i0.137  2  1  0.992 
C. pileare  0.0527  3.065  i0.105  41  0.989 36 
The relationship between length and total wet weight in all three species follows the volume 
law in that the weight is approximately equal to length cubed (b = 3). As expected (c.f., Morton 
1990a) in the case of dry tissue weights the correlations were slightly poorer resulting in larger 
confidence intervals so that although generally b > 3 this was not statistically significant. The 
size of the confidence interval was related to the number of tritons included in the analysis and 
thus C.  muricinum has the smallest confidence interval and a value of "b" closest to 3. 
The largar number of  C.  muricinum collected enabled a closer examination of the length/ 
weight relationship before the formation of the first varix and after this stage. Comparison of the 
exponents for these two growth stages is possible owing to the use of functional regression and 
shows that the exponent of tritons in the first growth stage is significantly higher than that of 
tritons in the later stage of growth. The reason for this appears to be that smaller tritons have 
relatively little tissue for their shell size, particularly those under 17 mm (Figs. 3.1 and 3.2). The 
fact that this phenomenon is not manifest in the case of total wet weight may be accounted for 
by the higher specific gravity of shell material than tissue (Hughes 1986) thus the extra shell 
weight compensates for the relative lack of tissue. The calculated relationships are only strictly 
valid for tritons larger than 11 mm in 
length. 
1,400 
Growth of Cymatium spp. 
C. muricinum was the only triton 
collected in abundance and thus more 
growth curves were obtained for this 
species (Figs. 3.3A, 3.3B, 3.3C, 3.3D). 
Thirteen recently settled individuals 
(< 5 mm) of  C.  muricinum and one of 
C.  pileare were available and virtually 
complete growth curves were obtained 
Length (mm) 
for these (~i~s.  3.3 and 3.5). Only  Fig. 3.1. Allometric curve of the relationship between length of specimens of 
Cymatium muricinum and their dry tissue weight. 
larger individuals of  C.  aquatile were 
available (> 10 mm SL) as shown in 
Fig. 3.4. Tridacnids do not constitute 
the preferred diet of C. nicobaricum 
and thus most tritons of this species 
did not grow, those that did are shown 
in Fig. 3.6. The sex of individual speci- 
mens could not be determined and 
was not recorded. 
Shell growth in the four species of 
Cymatium studied followed the same 
general pattern. At the onset of growth 
the periostracum, composed of a thin 
8 
L  I 
layer  Of Organic  material  'Overed  On  Fig. 3.2.  Relationship between length of specimens of  Cymafium muricinum 
the external surface by pronounced  and their dry tissue weight. The double log plot shows the different relation- 
"hairsn, is secreted starting from the lip  ship for young tritons (without a varix) and older snails (after the formation of 
the first varix). 
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Fig. 3.3. Growth of  individual specimens of  Cymatium muricinum fed ad libitum on juvenile  Tridacna gigas in aquaria. Note the rapid 
initial growth and pauses during varix formation. 
I 
Fig. 3.4. Growth of  individual specimens of  Cymatium 
aquatile fed  ad libitum on juvenile  Tridacna gigas in 
aquaria. Note the rapid initial growth and pauses dur- 
ing varix formation. 
Fig. 3.5. Growth of individual specimens of  Cymatium  1 
pileare  fed  ad libitum  on juvenile  Tridacna gigas in 
0  I 
aquaria. Note the rapid initial growth and pauses dur- 
ing varix formation. 
0  20  40  60  80  100  120  140  160 
Days Fig. 3.6. Growth of individual specimens of Cymatium 
nicobaricum fed ad  libitum  on juvenile Tridacna gigas 
in aquaria. Note poor growth of some individuals ow- 
ing to low food consumption. 
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of the protoconch (Plates IV and VI). The periostracum forms helical whorls which, in the case 
of  rapid growth, remain flexible and fragile until calcified. Calcification occurs on the inner sur- 
face of the periostracum but is only noticeable at first in the case of slow growing tritons. 
Plate VI.  Scanning electron micrograph of a  recently settled juvenile 
Cvmatium muricinum. The first four. smooth. whorls are the ~rotoconch  II 
oi  the swimming teleplanic larva. The last, rougher, whorl is' the calcified 
first whorl of the teleoconch. Vestiges of the periostracum may be obse~ed 
at the suture between protoconch and teleoconch. (Photo by Heather 
Winsor). 
After anything up to 5 whorls have 
been laid down, the growing edge of the 
periostracum turns outwards and then 
back forming a hollow ridge that consti- 
tutes the first varix or lip (Plate IV). 
Growth of the periostracum halts at this 
stage and calcification of the lip and 
siphonal canal take place. The rate of 
growth and calcification appeared to 
depend primarily on the consumption 
rate, higher consumption being accom- 
panied by faster growth, less calcification 
and later formation of the first varix. 
Adverse conditions such as excessive 
handling or low temperature and oxygen 
levels were also thought to adversely 
affect growth rate. The duration of the 
halt and the amount of calcification of the 
first varix is extremely variable and may 
range from a few days to an indefinite 
period, the amount of calcification being 
proportional to this duration. 
Growth generally resumes after the 
first varix, but slows towards the comple- 
tion of another two-thirds of a whorl when 
the next varix is formed. Calcification 
again takes place and shell growth in 
length is also halted. Growth may re- 
sume again but varices subsequent to 
the first are always laid down after two- 
thirds of a whorl. After the formation of a varix small increments in shell length were sometimes observed in C.  muricinum due to elonga- 
tion of the siphonal canal. 
C. muricinum, C. aquatile and C. pileare were observed to form two or three varices. C. 
nicobaricum was observed to form 4 and even 5 varices, the first often very close to the 
protoconch although this may be due to the preferred diet of juvenile tritons of this species 
being unknown. The periostracum of  C.  nicobaricum was usually less hairy and was lost at an 
earlier stage than the other species. The protoconchs of each species were measured and the 
mean sizes and standard error for each species were: C.  muricinum (3.5 mm _+0.08),  C.  aquatile 
(3.1 mm +0.06),  C.  nicobaricum (3.8 mm +0.11) and C. pileare (3.3 mm k0.10). 
Parameters of  both the generalized and special VBGF calculated for individual tritons of all 
four species are shown in Table 3.2. The mean of the values obtained for the growth parameters 
of each model is shown. Because both models did not always fit the same data set means are 
Table 3.2a. Estimated parameters of two models of the von Bertalanffy growth function for Cymatium muricinumand C. aquatile based on growth 
measured for snails fed ad libitum in aquaria. Standard errors (s.e.) of the parameters are shown and goodness of fit is measured in terms of 
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0.841  - 
0.841  44.50  1.087  15.599  2.879  4.676  4.49 
48.10  1.750  8.629  1.687  15.376  4.30 
45.23  1.206  10.938  1.777  22.790  4.35 
46.67  1.478  9.784  1.732  19.083  4.33 
1.44  1.155  0.02 
1  .Ol  0.81 6  0.02 Table 3.2b.  Estimated parameters of  two models of  the von Bertalanffy growth function for  Cymatium pileare and  C. nicobaricum based on 
growth measured for snails fed ad libitum in aquaria. Standard errors (s.e.) of the parameters are shown and goodness of  fit is measured in 
terms of  residual sum of squares (rss). 
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also shown of parameters obtained for tritons in which both models were fitted, allowing com- 
parison. Despite the obvious two-stage growth exhibited by some tritons, attempts to fit the 
biphasic growth model of Soriano et al. (1990) did not produce a fit presumably because this 
model does not apply in this case (D. Pauly, pers. comm.). 
The generalized VBGF produced better fits in terms of lower values of residual sum of 
squares (rss)  and lower standard errors (s.e.) of  L_, resulting in lower values of Lm  and higher 
values of K (Fig. 3.7). This was expected as this model has one more parameter than the spe- 
cial VBGF however the values of L_  obtained were closer to the expected values and curves 
provided a better visual fit to the data. Interestingly it was found that reducing the value of D in 
the generalized VBGF provided increasingly better fits to the point that the best fits were ob- 
tained at unreasonable values of D such as 0.1 below which the nonlinear routine crashed. 
The estimated values of L_ and K from both models show great variation (Fig. 3.8) but, at 
least in the case of L_,  are within the range of values observed in wild specimens. From these 
data C. pileare would appear to reach the largest maximum size, followed by C. aquatile, C. 
nicobaricum and C. muricinum (Fig. 3.9). The possibility exists that the experimental tritons 









D  L,  s.e.  K  s.e.  rss  4' 
(mm)  (year.') 
0.862  - 
0.862  - 
0.862  - 
Special VBGF 
L,  s.e.  K  s.e.  rss  @' 
(mm)  (year-') 
51.70  1.693  8.992  1.439  16.355  4.38 
40.15  0.902  17.908  3.110  32.069  4.46 
53.26  0.726  14.681  1.593  49.361  4.62 
48.37  1.107  13.860  2.047  32.595  4.49 
5.85  3.686  0.10 
3.38  2.128  0.06 Fig. 3.8. Single growth curves estimated from data for 
eight individual Cymatium muricinum fed ad libitum in 
aquaria. Data were fitted to the generalized model of 
the von Bertalanffy growth function. 
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FI~  3 7  Comparison of  average growth curves estl- 
mated from data pertainrng to Cymatrum murrcrnumfed 
ad 11b1tum  In aquarla  Data were f~tted  to  generahzed 
and speclal models of the von Bertalanffy growth func- 
t~on  Note very h~gh  ln~tlal  growth 
Fig. 3.9.  Comparison of  average growth curves esti- 
mated from data pertaining to  Cymatium muricinum, 
C.  pileare, C. aquatile and  C. nicobaricum fed ad libi- 
tum in aquaria. Data  were fitted to the generalized model 
of the von Bertalanffy growth function. 
The growth performance index @'  (Pauly 1991), calculated from the growth parameters 
obtained for each triton, ranged from 4.3 to 4.7, these values being slightly higher if parameters 
from the generalized VBGF were used. Based on the few values of @'  available, no difference in 
growth performance between species could be detected using this index. 
The early stages of growth in these tritons were of most interest as tritons collected from 
ocean-nurseries were usually small and fast growing. As this stage of growth appeared linear 
(Fig. 3.3) and did not fit a von Bertalanffy curve well, the early growth stage of tritons (up until the formation of the first varix) was analyzed using predictive regression. Small C.  nicobaricum 
did not grow at all in this experiment and were not included in the analysis. 
The growth of  13 specimens of  C.  muricinum with a starting size under 5 mm was exam- 
ined, seven of which were fed large clams which took 12 to 63 days to consume and the re- 
maining six were fed clams under 20 mm SL which were consumed in less than 5 days (Table 
3.3). These six tritons (Cm60, Cm66, Cm67, Cm68, Cm69 and Cm70), for which the most 
complete datasets were obtained, were considered the core for analyses of growth and also 
consumption (see below). 
Only one specimen of the other two triton species under 5 mm in starting length was avail- 
able and the early growth of C.  aquatile and C. pileare was analyzed for individuals of 10 to 25 
mm starting size (Table 3.4). This is reflected in the higher values of the standard error of the 
coefficient for these species than for C.  muricinum. 
The fit of the linear model to the early growth stage of all tritons, measured in terms of the 
correlation coefficient (r2), is high supporting the impression of linearity in this stage of growth. 
As might be expected, the size at the first varix is correlated with the expected maximum size of 
the species as calculated from the VBGF and recorded in the literature (see above). The dura- 
tion of the growth pause in which the first varix is formed was estimated from the graphed data, 
to the nearest week. Neither the size at, or duration, of the formation of the first varix appeared 
to correlate with the growth rate. 
Table 3.3. Estimated parameters for the initial linear growth phase of  Cymatium muricinum based on growth measured for snails fed 
ad libitum in aquaria. A linear model of the form: Length (mm) = a + b(Time) was fitted using predictive regression. Standard errors 
(s.e.) and 95% confidence intervals (c.i.) of  the slope (b) are shown and goodness of fit is measured in terms of the correlation 
coefficient (r2). "a" represents a close approximation of  the snails' size at the experiments' start, "varix" refers to the size at the 
formation of the first varix, the duration (to the nearest 7 days) of which process is also given. Snails Cm60-Cm70 were fed small 
clams initially and the time taken to finish them is given as "P.  Snails Cm313-Cm417  were fed larger clams and thus fed parasitically 
on them for the first weeks of the experiment. 
mean  4.00  0.641  0.020 
s.d.  0.52  0.115 
s.e.  0.21  0.047 
mean  3.94  0.425  0.026  0.978  27.0  8.2  32.9 
s.d.  0.82  0.062  3.4  6.3  14.9 





- Table 3.4. Estimated parameters for the initial linear growth phase of  C.  aquatile and C. pileare based on growth measured for snails 
fed ad libitum in aquaria. A linear model of the form: Length (mm) = a + b(Time) was fitted using predictive regression. Standard errors 
(s.e.) and 95% confidence intervals (c.i.) of the slope (b) are shown and goodness of fit is measured in terms of the correlation 
coefficient (r2).  "ar' represents a close approximation of the snails' size at the experiments' start (Min.), "varix" refers to the size at the 
formation of the first varix the duration (to the nearest 7 days) of which process is also given. 
C.  aquatile 
- 
#  Min.  a  b  s.e.  c.i.95%  r2  n  Var~x  Duration 
(mm)  (mm)  (days) 
mean  18.1  16.46  0.629  0.074 
s.d.  3.0  3.61  0.147 
s.e.  1.4  1.61  0.066 




The growth rate of  C.  muricinum appeared lower in tritons that were fed large clams and 
consequently adopted a parasitic mode of feeding initially (Table 3.3). In order to test the signifi- 
cance of this, data from tritons in Table 3.3 which consumed their initial prey in 5 days or less 
were pooled as were data from the tritons that took longer (12-63 days). The results of the two 
regressions are shown in Table 3.5 and suggest that growth is significantly lower in tritons fed 
the larger clams. 
Although growth of tritons prior to the formation of the first varix was apparently linear in 
terms of length, growth after this pause appeared asymptotic. Datasets in which the second 
growth phase appeared were edited so as to remove growth data up to and including the first 
varix. These modified datasets were then fitted to the special and generalized VBGF as before. 
The results (Table 3.6) show that this second growth stage fits both models of the VBGF very 
Table 3.5. Comparison of the predictive regressions of the linear phase of growth of  C.  muricinum for lumped data of  snails 
which fed on small clams (Cm60-Cm70) and those that fed on larger clams initially (Cm313-Crn417).  See Table 3.3 for details. 
a  s.e.  b  s.e.  Confidence  r2  n  n 
limits (95%)  (data)  (snails) Table 3.6.  Estimated parameters of two models of the von Bertalanffy growth function for C. 
muricinum in its second growth phase, i.e. after the formation of  the 1st varix, based on 
growth measured  for snails fed adlibitum in aquaria. Standard errors (s.e.) of the parameters 
are shown and goodness of fit is measured in terms of residual sum of squares (rss). 
Generalized VBGF 
SP#  D  L,  s.e.  K  s.e.  to  rss  4' 
(mm)  (year-') 
Cm24  0.851  47.33  0.15  52.838  3.498  0.025  0.263  5.07 
Cm30  0.851  - 
Cm31  0.851  40.88  0.21  48.155  4.641  0.041  0.545  4.91 
Cm32  0.851  42.62  0.45  75.242  14.960  0.050  0.452  5.14 
Cm37  0.851  54.25  0.09  22.435  0.668  0.091  0.330  4.82 
Cm60  0.851  39.14  0.28  36.971  3.689  0.110  0.331  4.75 
Cm67  0.851  33.92  0.13  115.386  11.739  0.111  0.010  5.12 
Cm69  0.851  30.10  0.21  71.365  8.295  0.049  0.177  4.81 
Cm70  0.851  31.42  0.21  62.306  5.815  0.082  0.034  4.79 
mean  0.851  39.96  0.21  60.587  6.663  0.070  0.268  4.93 
s.d.  7.70  26.374  0.031  0.15 
s.e  2.72  9.325  0.011  0.05 
Special VBGF 
rss  4' 
mean  39.38  0.21  50.053  5.483  0.064  1.162  4.84 
s.d.  7.44  21.070  0.039  0.15 
s.e  2.48  7.023  0.013  0.05 
Table 3.7.  Summary of growth of eight C.  muricinum described for the first phase 
by linear regression and for the second by the special von Bertalanffy growth 
function.  For explanation of parameters see Tables 3.2  and 3.3. 
linear  special VBGF 
sP#  Rate(b)  Varix  Duration  L,  K  to 
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Fig. 3.1 0. Two-phase growth of two individuals of  Cymatium muricinum  fitted 
to a linear growth model for the first phase and a model of the special von 
Bertalanffy growth function for the second growth phase. 
Tlme (days) 
Fig. 3.11. Consumption of  Tridacna gigas in aquaria by five recently settled 
Cymatium muricinum as a function of time. 
10  20  30  40  50 
Snail  size  (mm) 
Fig. 3.12. Consumption of  Tridacna uiaas in aauaria bv five recentlv settled 
Cymatium muricinhn as a function of ;he  size of the g;owing  triton; 
well with low values of the residual 
sum of squares (rss) and standard 
errors (s.e.) for L_.  The values of s.e. 
for K are, as in the previous analyses, 
higher and promote less confidence in 
the value of  K. Table 3.7 shows a 
summary of growth parameters for 
tritons with analyses of both growth 
stages and Fig. 3.1  0 illustrates growth 
curves derived from these data for two 
particular tritons. 
Consumption Rates 
Examination of the growth and 
consumption data showed that abso- 
lute consumption tended to increase 
exponentially as tritons grew and 
leveled off after the triton had reached 
maximum size. The formation of the 
first varix did not appear to modify the 
consumption rates. Small tritons 
initially consumed remarkably large 
amounts of tissue with respect to their 
own body weights, but this rapidly 
declined with growth. These features 
can be seen in plotted values for the 
"core" set of  C.  muricinum (# Cm60- 
Cm70), i.e.,  consumption against time 
(Fig. 3.11), consumption against snail 
size (Fig. 3.12) and consumption per 
mg wet predator weight against time 
(Fig. 3.13). 
The relationship between size 
and cumulative consumption was 
examined for both the core set of  C. 
muricinum and the equally complete 
set of seven C.  muricinum, which had 
been parasitic for the first weeks of 
growth (Cm313-Cm417).  These data 
were fitted to an exponential equation 
(equation 3.1) using a GM regression 
of log transformed values (equation 
3.7). This enabled a quick estimate of 
the relationship between consumption 
and size and the effects on Time  (days) 
consumption of an initial parasitic 
phase. A similar analysis was per- 
formed using a predictive regression 
for the relationship between time and 
consumption. 
The results of these analyses are 
shown in Tables 3.8 and 3.9 for the 
complete datasets and also for the 
same tritons during the linear growth 
stage prior to the formation of the first 
varix. The allometric curve fitted the 
data well particularly in the case of the 
J 
Fig. 3.13.  Consumption of  Tridacna gigas by six  Cymatium muricinum in  nonparasitic tritons. A source of error 
aquaria as a fraction of total triton weight over time.  which may particularly affect the para- 
sitic tritons is that the data for the 
consumption curves start at a mean triton size of 4.33 mm and zero consumption whereas the 
model forces the curve through the origin. Log-transformation  requires the elimination of the 
initial data pairs where consumption equals zero. This results in a slight overestimate of the 
consumption of the smallest tritons and explains the poorer fit of the model to data from para- 
sitic tritons which, owing to their feeding method did not provide data points in the first weeks. 
Table 3.8. Estimated parameters of the exponential relationship between shell size and 
cumulative consumption (mg dry tissue weight) of  recently settled  C.  muricinum fed 
juvenile  T: gigas in aquaria. The exponent (b) and its 95% confidence limits are shown 
as  well as the correlation coefficient (r2). Values are shown separately for  snails 
undergoing an initial parasitic phase and for snails during the 1st phase of  rapid initial 
growth. 
All snails  0.324  2.460  (2.345-2.574)  0.939  113 
All snails (1  st phase)  0.357  2.469  (2.224-2.615)  0.920  51 
Cm60-70  0.365  2.399  (2.285-2.514)  0.964  65 
Cm60-70 (1  st phase)  0.378  2.382  (2.163-2.601)  0.9b2  31 
Cm313-410  0.253  2.510  (2.224-2.797)  0.852  48 
Cm313-410 (1  st phase)  0.543  2.260  (1.705-2.814)  0.754  20 
Table 3.9.  Estimated parameters of the exponential relationship between time and 
cumulative consumption (mg dry tissue weight) of  recently settled  C.  muricinum fed 
juvenile  T gigas in aquaria. The exponent (b) and its 95% confidence limits are shown 
as  well as  the correlation coefficient (r2). Values  are shown separately for  snails 
undergoing an initial parasitic phase and for snails during the 1st phase of rapid initial 
growth. 
All snails  2.888  1.529  (1.455-1.603)  0.934  120 
All snails (1  st phase)  3.431  1.454  (1.322-1.586)  0.904  54 
Cm60-70  3.009  1  .540  (1.472-1.608)  0.971  65 
Cm60-70 (1  st phase)  3.026  1.526  (1.401  -1.651)  0.956  31 
Cm313-417  0.835  1.813  (1.596-2.029)  0.842  55 
Cm313-417 (1  st phase)  0.766  1.829  (1.293-2.365)  0.706  23 Notably the exponent of the relationship between triton size and consumption was virtually 
unaffected by the tritons' initial feeding mode whereas this was not the case in the timelcon- 
sumption analysis. This is not surprising as growth was significantly lower in the parasitic tritons 
(Table 3.5). The curves obtained for the initial growth phase and the complete datasets were 
very similar. 
Tritons were not weighed during the experiments so weight was calculated using the 
lengthlweight relationships shown in Table 3.1 and the corresponding correction factors. As 
evidence had been found for deviation from isometric growth in the case of dry tissue weight of 
C.  muricinum all triton weights were calculated as total wet weight. Correspondingly, weights of 
prey consumed were expressed in terms of wet tissue weight. Unless otherwise stated, weights 
discussed in the rest of this section will follow this format. 
All consumption data (including partial or incomplete datasets) were pooled for each spe- 
cies thus data were available for 33 C. muricinum, 10 C. aquatile and 11 C. pileare. C. 
nicobaricum was omitted from the following analyses owing to prey preference considerations 
mentioned above. Consumption rates were analyzed as consumption per week calculated as a 
function of mean body weight, allowing comparisons with other published figures. The results of 
these analyses of the relationship between body weight and consumption rates are shown in 
Table 3.1  0 and plotted for C. muricinum in Fig. 3.14. 
Table 3.10. Estimated parameters of the exponential relationship between weekly 
mean total wet weight (mg) of three species of Cymatium and weekly consumption 
(mg wet tissue weight) fed juvenile  7: gigas in aquaria. The relationship is of the 
type:  Ingestion rate  = a(mean body   eight)^. The exponent  (b) and its 
confidence limits are shown as well as the correlation coefficient (r2). 
Species  a  b  c.i.95%  n  r2 
C.  muricinum  24.45  0.549  k.066  213  0.438 
C. pileare  52.71  0.535  ~080  121  0.322 
0  spbo  qo'oo  9,000  '2P"o  15poo 
Body weight  (mg  total  wet  welght) 
Fig. 3.14. The relationship between total weight of Cymatium muricinum and weekly con- 
sumption of  Tridacna gigas in aquaria. An attempt was made to repeat the analysis in the case of C.  muricinum using dry weights 
calculated from the two different allometric relationships depending on the growth stage of the 
tritons. The correlation obtained was low (r2 = 0.370, n = 212) and "b  also was lower than in the 
corresponding analysis for wet weights (b = 0.394, confidence limits (95%): 0.352-0.437). No 
further attempts were made to employ dual allometric relations as anomalies occurred at inter- 
mediate sizes. 
The amount consumed by tritons at different weights as a proportion of total triton weight 
was plotted for C.  muricinum (Fig. 3.1 5) and the ration was found to decline exponentially in 
relation to body weight. Some of the smallest tritons were observed to consume between 50 
and 150% of their total wet weight per day with extreme values of up to 250% recorded. Using 
log-transformation and GM regression the relationship was found to be: 
46.69 X (mean snail wet ~t.)-~.~~~  (r2  = 0.792) 
and for the other two species: 
C.  aquatile  177.1 5 X (mean snail wet ~t.)-~.~~~  (r2 = 0.524) 
C. pileare  114.98 X (mean snail wet ~t.)~.~~~  (r2  = 0.656) 
')]i 
proportion of estimated triton total wet weight. In addition, dry weight of one triton of each spe- 
cies was obtained by drying as detailed in Section 3.2. 
Consumption in each of the tritons fluctuates widely from week to week but the average 
Examination of the 
confidence limits (95%) of the 
0  2pOO  4,000  6,000  BPOO  10,000  12POO  14,000 
Snail  wet  welght  (mg) 
. 
weekly consumption is between 16 and 47% of total triton weight or 2 to 7% calculated on a 
daily basis. Wet weight data for C.  nicobaricum are not available due to the lack of a length/ 
weight conversion relationship for this species (c.f., Table 3.1) but consumption appears to be 
similar to the other species. The consumption per mg dry triton tissue is slightly higher, as 
expected owing to the exclusion of shell weight, but still in the region of 3 to 7% per day. 
The relationship between K,  (growth/food ingested) and weight was investigated for C. 
muricinum using the core group of tritons Cm60-Cm70. A reasonable estimate of K,  was 
values of the exponent 
showed no significant differ- 
ence between species. 
Another measure of the 
consumption of these four 
triton species was provided 
by examining tritons which 
had reached a stable maxi- 
mum size for more than 6 
weeks. Consumption over a 
5-week period for these 
tritons was averaged and is 
shown in Table 3.11 as total 
Fig. 3.15. The relationship between total weight of  Cymatium muricinum and daily con- 
sumption of  Tridacna gigas in aquaria, expressed as a fraction of total snail weight.  weekly consumption and 
weekly consumption as a Table 3.11a. Mean weekly consumption of  Tridacna gigas by adult Cymatium muricinum and C. aquatile expressed as mg wet tissue 
weight and mg wet tissue weight per mg total wet weight of snail estimated using previously determined lengthlweight relationships. 
Values in square brackets represent dry tissue weights determined empirically by sacrificing the snail. 
C. muricinum 

























0.158  [.222] 
0.406 
mean  43.3 
s.d.  5.8 
C. aquatile 




mean  49.5 
s.d.  1.8 
empirically derived 
Table 3.11  b. Mean weekly consumption of  Tridacna gigas by adult Cymatium nicobaricum and C.  piteare expressed as mg wet tissue 
weight and mg wet tissue weight per mg total wet weight of snail estimated using previously determined lengthlweight relationships. 
Values in square  brackets  represent dry tissue weights determined  empirically  by sacrificing  the snarl. Wet weight values of  C. 
nicobaricum could not be estimated. 
C. nicobaricum 
Size  Weight  Weekly  s.d.  Weekly 
(mg)  consumption (mg)  ration (mg,mg-') 
Cn22  44.5  2,857.7  1.797.3 
Cn27  43.5  1,016.4  648.7 
Cn64  40.7  -  [494.8]*  1,380.2  [187.7]  915.2  [123.2]  [.379] 
mean  42.9 
s.d.  1.6 
C. pileare 
Size  Weight  Weekly  s.d.  Weekly 
(mg)  consumption (mg)  ration (mg.mg-') 
mean  54.8  4,265.7  0.366 
s.d.  6.5  1,785.6  0.083 
*empirically derived obtained as suggested by D. Pauly (pers. comm.) for each ration estimate (consumption/mean 
triton weight) divided by the corresponding growth rate in weight for each given time period 
(usually 1 week). A GM regression of the plot of log(Kl)  vs log weight (Fig. 3.16) allowed estima- 
tion of the parameters of equation (3.5). The raw data and calculated values are shown in Table 
3.12. The parameters estimated for C.  muricinum were: 
Similar values but a higher correlation (n = 27, r2 = .900) were obtained if only data for 
tritons in the first stage of growth were used. 
A plot of -log(l-K,)  vs log weight was made (Fig. 3.17) to try and estimate beta in equation 
(3.6) but this resulted in a poor correlation owing to the nonlinear form of the log plots. 
I 
Mean snail  wet  weight  (Log  mg)  I 
Fig. 3.1 6. The relationship between gross food conversion efficiency (K,)  and total 
snail weight for Cymatium muricinum fed on juvenile Tridacna gigas in aquaria. 
Table 3.12. Weekly consumption and weight of  Cymatium muricinum in terms of wet weight and calculations of 
gross conversion efficiency (K,)  for C. muricinum fed juvenile  Tridacna gigas in aquaria. NfA: not available. 
- -  - -- 
Snail  Snail  Weekly  Log mean 
#  Days  size  weight(mg)  cons.(mg)  K,  Log(K,)  snail wt.  -L(l-K,) 
1.309  0.12 
0.669  -0.17 
0.190  -0.72 
0.035  -1.46 
0.029  -1.54 
0.024  -1.62 
0.083  -1.08 
0.094  -1.03 
0.005  -2.29 
0.001  -3.08 
0.006  -2.20 
0.028  -1.55 
0.000  NIA 
NIA  NIA 
0.019  -1.72 

















Continued Table 3.12. Continuation. 
Snail  Snail  Weekly  Log mean 
#  Days  size  weight(mg)  cons.(mg)  K,  Log(K,)  snail wt.  -L(l-K,) 41  !  : 
I  I 
1.5  2  2.5  3  3.5 
Mean snail  wet  weight  (Log  mg) 
Fig. 3.1  7. The relationship between gross food conversion efficiency expressed as 
-log(l-K,) and total snail weight for Cymatium muricinum fed on juvenile Tridacna 
gigas in aquaria. 
3.4 Discussion 
Growth of Cymatium spp. 
Shell growth in C. muricinum, C. aquatile, C. pileare and C. nicobaricum is characterized 
by rapid growth followed by growth pauses in which a labial varix is formed. Such episodic 
growth is found in members of the Muricidae, Bursidae and Cassidae (Laxton 1970a, 1970b; 
Linsley and Javidpour 1980; Hughes 1986) but has only been described in Ranellidae by Laxton 
(1  970a, 1970b) for a number of  New Zealand species of the genera Ranella and Cabestana and 
also Cymatium parthenopeum. 
Laxton (1  970a) described periods of fast growth in which the gastropod shell is enlarged 
mainly by the secretion of the organic periostracum followed by growth pauses in which a varix 
is formed and the bulk of shell calcification takes place. In Cabestana spengleri the distance that 
the first varix is formed from the protoconch depends on the amount of food available during the 
initial stages of growth (Laxton 1970a). Laxton (1  970a) suggests that the reason for the growth 
pauses may be that shell growth exceeds tissue growth requiring periodic halts to enable bal- 
ance to be restored. 
Morton (1  986) described four phases in the growth of the Hong Kong melongenid 
Hemifusus tuba. A first 10-week phase saw much energy being invested in rapid, virtually linear, 
growth in shell length although tissue weight also increased. In a second 10-week phase shell 
growth declined and energy was put into increasing tissue bulk. A third phase consisted of an 
apparent endogenous growth check in which size and tissue weight barely increased but shell 
thickness did. After this phase, growth resumed for all parameters following standard patterns of 
asymptotic growth. 
In the current study the initkl growth phase of C. muricinum, C. aquatile and C. pileare 
consisted of very rapid shell growth in the form of the organic periostracum. Length:weight data 
for C. muricinum strongly suggest that this growth greatly exceeded tissue growth in the early stages and that the balance is redressed around the time of first varix formation. Data presented 
by this author in Govan et al. (1  993) show that shell shape in terms of 1ength:width ratio does 
not vary significantly from width = 0.48 X length (r2  = 0.99) for C. muricinum from 3.7 to 50.3 
mm in length. 
Where there is a refuge in size from predation, juvenile snails are known to favor rapid 
growth over shell sturdiness during their smaller, more vulnerable stage (Vermeij 1978; Palmer 
1981). This phenomenon has been widely reported in temperate species particularly the abun- 
dant naticids such as Polinices spp. (Edwards and Huebner 1977; Ansell 1982) or muricids such 
as Thais spp. (Bayne and Scullard 1978; Palmer 1981  ; Burrows and Hughes 1990) or Morula 
marginalba in South Australia (Moran et al. 1984). Juvenile Hemifusus tuba in Hong Kong grow 
at rates of approximately 0.33 rnm.day-l at 21  "C during the initial growth phase. Data presented 
by Laxton (1  970a) for the New Zealand ranellid Cabestana spengleri suggested that juveniles 
grew at up to 0.3 mm.day-I.  The growth curve calculated by Perron et al. (1  985) for C. 
muricinum in Palau suggested an early juvenile growth rate of 0.3-0.4 mm.day-I. 
Taylor (1  977) found growth rates of 0.02-0.07 mm day-' for recently hatched juvenile car- 
nivorous gastropods of the families Naticidae, Muricidae, Columbellidae and Mitridae in Hawaii. 
By contrast she found relatively fast growth of up to 0.2 mm,day-I  in a juvenile wentletrap, 
Epitonium ulu, and up to 0.3 mm.day-I  in discontinuous growth bursts by the tonnacean, Bursa 
cruentata. Robertson (1  983) also reports rapid growth in a postlarval wentletrap, Epitonium 
albidum, averaging 0.1  5-0.33 mm.day-I and achieving up to 0.5 mm.day-I  over a 2-day period. 
The growth rates of the Cymatium spp. studied here appear to be exceptionally high com- 
pared to reported values for gastropod growth, even for juveniles. C. muricinum, C. aquatile and 
C. pileare averaged between 0.6 and 0.7 mm.day-I  over 3- to 6-week periods of initial growth 
with some tritons of each species reaching rates of 0.8-0.9 mm.day-I.  Such values must rank as 
some of the highest obtained by gastropods although it is possible that muricids of the genus 
Chicoreus and helmets of the genus Cassis attain higher values during growth bursts (Inaba 
1967; Linsley and Javidpour 1980). 
Their high potential growth rates enable tritons with a superabundant food supply to reach 
the size of first varix formation in 33 days (range 20-50) in the case of  C.  muricinum and 50 and 
57 days from settlement in the cases of  C. aquatile and C. pileare, respectively. 
At varix formation calcification of the shell is observed, and thus the vulnerability of tritons 
to predators is reduced by increases in size and strength. Increased shell diameter is probably 
one of the most effective defenses against crushing predators such as fish and crustaceans 
(Vermeij 1978). Varices further increase the diameter of the snail and distribute the stress of 
attempted crushing over a wider area while a thickened shell lip is effective in preventing certain 
crustaceans such as Thalamita spp. and Dardanus lagopodes (pers. obs.) from peeling back 
the shell of prey starting at the lip (Hughes 1986; Vermeij 1978). 
Episodic growth such as that observed in these Cymatium spp. provides the advantages of 
both determinate and indeterminate growth strategies described by Vermeij and Signor (1  992). 
The formation of a lip or varix provides resistance to predators and may play a role in the recog- 
nition of mature mates and in maintaining stability on the substrate whilst a capacity for further 
growth allows an increase in body size, and thus fecundity, if favorable conBitions are encoun- 
tered. 
Interestingly, the significantly reduced growth observed in C.  muricinum that passed the 
first 2 to 9 weeks as parasites of large T: gigas resulted in the formation of the first varix signifi- 
cantly later, after 55 days (range 44-81, P = 0.012, t-test). However, these tritons were protected by the shells of their "hosts" for the periods of initial growth and greatest vulnerability. Reasons 
for this reduced growth may be that interactions with the "host", such as evading defence re- 
sponses, represent a significant energy drain or that tissues easily available to these tritons 
such as the clam mantle are poorer sources of energy (Hughes 1986) than the internal organs 
more often attacked by nonparasitic tritons. 
Estimating somatic growth from shell growth assumes a direct relationship between the 
two (Hughes 1  986). In the case of the study species the relationship between tissue weight and 
shell size is complex, depending on factors such as food availability, consumption rates and 
growth stage (Laxton 1970a and discussion below). The assumptions of the VBGF regarding 
growth of these species in terms of  length are not met during the early stages of growth. This 
explains the better fit of the generalized VBGF to growth data when unrealistically (in terms of 
tissue growth) low values of "D" are used. The biphasic growth VBGF model of Soriano et al. 
(1990) could not be fitted to the present data presumably because it assumes that the change in 
growth is concomitant with changes in diet and metabolism. No evidence was found for such 
changes in the current study. 
The fitting of these data to the VBGF is useful, however. Firstly it provides useful estimates 
of the average maximum length (L,)  attained by the tritons. Secondly it allows comparisons 
between individuals and species in this work. Thirdly it allows comparisons with published 
gastropod growth parameters. Finally the VBGF does describe the stages of growth after the 
formation of the first varix at which time the assumptions of this model are met. 
The estimated L,  of the four study species is in very close agreement with the maximum 
size of these species observed in experiments and in the field in Solomon Islands. However the 
estimated values are considerably lower (40-50%) than maximum reported values (Clench and 
Turner 1957; Springsteen and Leobrera 1986; Beu and Kay 1988). 
The mean relative increment in shell length from one whorl to the next was calculated from 
the datasets. The means and s.e. obtained were: C.  muricinum, 39.4% k1.30; C.  aquatile, 
28.7% k0.95; C.  pileare, 35.7% k2.06; and C.  nicobaricum, 29.3% f  1.06. Thus the formation of 
one more varix would bring the maximum sizes of these four species in line with published 
values. However, the discrepancies are just as likely to be due to environmental or genetic 
differences resulting in increased growth in length between varices. 
The mean initial linear growth rates estimated for C.  muricinum, C.  aquatile and C. pileare 
are very similar (Tables 3.3 and 3.4); however the parameters of the VBGF estimated for C. 
pileare are significantly different from those of the other three species (Fig. 3.9). This is princi- 
pally due to the high value of L,  estimated for C. pileare (69 mm) as opposed to values of 45-48 
mm estimated for the other three species. As C.  pileare has a relatively low value of K, these 
differences are not apparent in the calculated values of  @'. 
Perron et al. (1  985) experimentally derived growth parameters for C.  muricinum in Palau 
using a markhecapture technique and Fabens (1  965) routine to calculate the VBGF. An un- 
specified number of tritons were isolated in mesh bags with, presumably, large T: gigas (100 
mm SL) and remeasured every 10 days. Values for L,  = 40.7 mm and K = 4.164 year-' were 
obtained. The value of L,  is well within the range obtained in the present study but K is well 
below the mean although comparable to the minimum values. One explanation for this is that 
owing to the large size of  T: gigas used throughout the work of Perron et al. (1985) the juvenile 
tritons fed parasitically at least initially. This reduced the initial growth rates of tritons in the 
current study to 0.3-0.4  mm.day-l which is comparable to those obtained if the VBGF param- 
eters of Perron et al. (1  985) are applied. K was also reduced in the case of the single parasitic 
triton for which VBGF parameters could be calculated (c.f., Cm410, Table 3.2a). The 1ength:weight relationship for dry tissue of C.  muricinum suggests that growth after the 
first varix is isometric. Further, all subsequent varices are invariably laid down after 213  of a 
whorl so growth is partially determinate. Thus it is not surprising that the second phase of 
growth in C. muricinum  fits both models of the VBGF very well (Table 3.6) as demonstrated by 
the low values of  rss obtained. The standard errors of the L_  values obtained are low and ap- 
pear to fit the data much better than those obtained for the complete datasets. The values of K 
are much higher and still show large standard errors which may in part be due to the reduced 
amount of data available. 
When the different growth models (linear and VBGF) are applied to the separate growth 
stages for individual tritons a very good fit is apparently obtained (Fig. 3.10). Unfortunately it 
appears difficult to estimate a priori  the size or time when the first varix is formed and the 
duration of this process. This prevents the unification of  both models into one that describes 
Cymatium growth through both phases. In common with Laxton (1970a), no evidence was 
found to suggest that growth rates varied between sexes. 
The results obtained here suggest the following elaboration of the theory of  Laxton 
(1  970a) explaining the growth in stages and varix formation of these species of  Cymatium. 
Recently settled juvenile tritons faced with an abundant food supply grow rapidly with the 
effect of minimizing time spent at small sizes which are more vulnerable to predation. The bulk 
of secreted shell material consists of  light organic material which is energetically costly to 
secrete (Hughes 1986). In fact Palmer (1  983) estimated that the energetic cost of calcification 
is 7, perhaps 30, times less than that of protein synthesis. The perceived advantages of this 
growth mechanism are that the more costly processes of  shell formation are performed while 
energy is available, the lighter shell material reduces energy expenditure on locomotion thus 
allowing more effective predatory action and that a heavier skeleton, that could limit the rate of 
body growth (Palmer 19811, is avoided. 
The rate of increase in shell area is a function of the increase in mantle area (Wilbur 
1964). Sometime during the period of  initial rapid growth the energy absorbed becomes insuffi- 
cient to support the rapid increase in mantle area required to secrete the, relatively much 
larger, shell area involved in the formation of each subsequent whorl. This point may be 
reached earlier due to an insufficient food supply (Laxton 1970a), but will inevitably be reached 
sooner or later even where food is super-abundant. When this stage is reached growth in shell 
area stops with the secretion of a varix and does not start again until tissue volume has grown 
sufficiently. 
The rate of increase in shell thickness and weight is a function of the rates of secretion of 
calcium carbonate and the organic matrix (Wilbur 1964). Calcification depends, among other 
things, on the growth of calcium carbonate crystals (Wilbur 1964). This presumably slow pro- 
cess may be continuous or not but certainly becomes more obvious during the growth pause 
resulting in the visible strengthening of varix and shell. 
When tissue volume is sufficient, growth recommences, often as fast as before. However, 
growth is determined by the formation of a subsequent varix after 213  of  a whorl and so shortly 
growth slows and halts again. The predetermined distance between varices is probably geneti- 
cally determined as it appears species specific such that this distance is every 2/3 of a whorl in 
the study species of  Cymatium and Charonia spp. (Beu 1970) and every half whorl in Mayena, 
Cabestana, and members of the closely related family Bursidae (Laxton 1970a; Beu 1980). 
The mode of growth of  C.  muricinum appears to favor the opportunistic predatory lifestyle 
of this gastropod (Perron et al. 1985). When food is abundant provision is made for the rapid attainment of a large size whereas in the case of food shortage growth is consolidated at the 
current size and the shell is strengthened. This was the basis for the suggestion by Govan et al. 
(1  993) that the feeding history of a triton could be determined by examination of the varices and 
growing shell edge. This allows clam farmers to determine whether Cymatium spp. found in 
clam cages entered as larvae or from the relatively food-scarce surrounding reef areas. Differ- 
ent methods of control could be applied accordingly (Govan et al. 1993). 
Based on the above theory of growth and the observation that rates of consumption do not 
vary during varix formation (contrary to the predictions of  Linsley and Javidpour 1980) it is 
possible that growth in tissue weight does follow a classic pattern of growth such as the VBGF. 
Unfortunately, without more information regarding the 1ength:tissue weight relationship for the 
smallest tritons this cannot be tested nor can the complete growth pattern of these species be 
easily fitted to a single model. 
Consumption Rates of Cymatium spp. 
Perhaps the most striking feature of the consumption data presented here is the extremely 
high relative consumption by small juveniles of  Cymatium spp., particularly evident in C. 
muricinum for which most data are available (Figs. 3.13 and 3.15). Although these results are 
not entirely surprising, based on published values (Edwards and Huebner 1977; Ansell 1982; 
Morton 1986; Morton 1990a, 1990b), examination of features of the experimental design will 
permit better interpretation of the data. 
Firstly, as has already been pointed out, the tissue weight of small juvenile C. muricinum is 
much lower in relation to shell size than for larger tritons. To  avoid this complication triton 
weights have been expressed as total wet weight (c.f., Broom 1982) but it is worth bearing in 
mind that tissue will form a relatively smaller part of this total in the smallest tritons. 
Secondly, the smallest size of triton available for the determination of  1ength:weight rela- 
tionships was 11 mm and therefore errors may be introduced when using this relationship for 
tritons as small as 4-5 mm. However, based on visual observations of the smaller tritons it does 
not appear that these depart significantly from the general observations. 
Lastly, the results could be skewed if smaller tritons were consistently incapable of finishing 
the first clams on which they were fed resulting in tissue wastage and an overestimate of initial 
consumption. This phenomenon was never observed during the experiments and seems un- 
likely to have significantly affected the results. 
Morton (1  986) points out that enhanced consumption by newly hatched juveniles is often 
overlooked in studies of predator consumption. Certainly such estimates are often omitted from 
consumption studies. Relative consumption rates of  Hemifusus tuba feeding on bivalves de- 
clined exponentially with time, maximum daily consumption rates were calculated to be 27OA  of 
snail total wet weight within two weeks of hatching and Morton (1  986) estimated that this might 
have been as high as 92% in terms of snail tissue weight. Consumption declined to presumably 
baseline values approximating those of adult H. tuba of 34%  of tissue weight or 1  % of total 
weight. 
The scavenging Hong Kong neogastropods Babylonia lutosa and Nassarius festivus also 
showed an exponential decline in relative consumption rates from maximum values of 60% of 
dry tissue weight per day for 6-7 mm N. festivus to about 10% for 15 mm individuals (Morton 
1990a). The larger B. lutosa showed a similar but less marked decline from 10-15% for 30-mm 
snails to around 4% for 50-mm individuals. Adult ranellid predators, Linatella caudata, also from Hong Kong, were estimated to consume 3-6% of their dry tissue weight daily with a mean of 
4.0% (Morton 1990b) when fed on their preferred bivalve prey, Barbatia virescens. 
The relative daily consumption rates of the Malaysian muricid gastropod Thais carinifera 
feeding on the bivalve Anadara granosa (Broom 1982), declined from 16% of total body weight 
for 1  -g individuals to 6% for adults (20 g). Interestingly the consumption rates of  a naticid, 
Natica maculosa, in the same study did not vary with size, staying constant at around 7.5%. 
Studies of temperate naticids have shown declining relative consumption rates in Polinices 
alderi (Ansell 1982) and /? duplicatus (Edwards and Huebner 1977). Daily relative consumption 
rates of  F! duplicatus feeding on the bivalve Mya arenaria declined from 5.6% of ash free tissue 
weight for 1 year old (25 mm) snails to 3.7% in 2 year olds (39 mm). On an annual basis these 
values average 1  % with peaks of 5-6% in summer. Adult F! aldericonsumes 4.8% of its own 
body weight of the bivalve Tellina tenuis daily (at 25°C) although these rates increase to 15% 
when reproductively active and fall to 1.7% at 10°C (Ansell 1982). 
Adult C. muricinum, C. aquafile and C. pileare had similar rates of daily consumption, 
between 2 and 7% of total wet weight and species means of 4-5%. Measured in terms of snail 
dry tissue weight the values for the above three species and C. nicobaricum were similar, 
around 3-7%. These results are in close agreement with similar studies on gastropod predators 
of  bivalves around the world and support the observation of  Morton (1  986) that, in general, 
gastropod predators of bivalves consume 1-6% of their body weight per day under optimal 
feeding conditions. 
Strikingly, the relative rates of consumption of juvenile Cymatium are extremely high, C. 
muricinum under 10 mm in size consume 100-250% of their total weight per day. Even if the 
sources of error discussed above are taken into account these values are outstanding and 
would be even higher if it were possible to calculate them in terms of snail tissue weight. Tritons 
as large as 18 mm length (well within the range of tritons used in the 1ength:weight relationship 
of Table 3.1) consumed daily around 30-40% of their total weight in the case of  C. muricinum, 
60-90% in C. pileare and 50% in C. aquatile. 
The high consumptions reported here in comparison to published values may in part be 
due to the fact that most authors have not examined consumption immediately after settlement 
or hatching although Morton (1  986) reports values of  only 27% for H. tuba 2 weeks after hatch- 
ing. Morton (1  986) reports relative consumption rates of juveniles of  at least 10 times the basal 
rates of adults and suggests that this is related to the high energy requirements of initial rapid 
shell growth. The consumption rates of juvenile C.  muricinum in the present study are 25-40 
times those of adult tritons, perhaps even more. These exceptionally high rates may be required 
to support  the also very high initial rates of shell growth which are 2-3 times those reported for 
H. tuba. 
The relationship between body weight and consumption expressed as (body   eight)^ = 
consumption, would be expected to show values of b = 213  if proportions of  the body were 
isometric throughout growth (Hughes 1986). Although values of b = 0.67 are occasionally re- 
ported, "b" appears to attain a range of values from 0.37 to 1.0 from species to species (Hughes 
1986). Broom (1  982) reports b = 0.68 for  T: carinifera and b = 1 .O1  for N. maculosa. The tem- 
perate naticid /?  duplicatus also showed high values of b = 0.81 in summer although the aver- 
age year-round value was 0.53. Bayne and Scullard (1  978) found b = 0.43-0.61 in 7: lapillus. 
The values of "b" reported herein of  0.55 for C. muricinum and 0.54 for C. pileare are both 
significantly less than 0.67 possibly due to the non-isometric growth and high consumption rates 
of juveniles. The value of b = 0.72 for C. aquatile, not significantly different from the other two species, may be due to the scarcity of data points for tritons under 25 mm and the poor correla- 
tion obtained. Data presented by Morton (1  986) for H. tuba, which presents similar growth and 
consumption patterns to the study species, allow the calculation of values of "b" falling in a 95% 
confidence interval from 0.36 to 0.44 (r2  = 0.93), also much lower than 0.67. 
Gross food conversion efficiency (K,), which is equivalent to production efficiency or 
growthlfood ingested is reported to decline with increased body size in several gastropods with 
the highest values recorded for veliger larvae (Hughes 1986). Broom (1  982) reports values of 
K, falling from 26 to 0.4% with increased size for both T. carinifera and N. maculosa. Growth 
efficiencies have also been observed to decline with age in /?  duplicatus from 51 to 16% and 
fluctuate widely with values between 104 and 0% (Edwards and Huebner 1977). 
Estimated values of K, for C. muricinum in the present work fluctuated widely indicating 
that weekly consumption may not necessarily be linked to growth in the same week. High val- 
ues of greater than 100% were recorded in the first week but these declined exponentially to 
values of 2-1  0% by week 4 and values close to 0% at maximum size. Interpretation of these 
results is hindered because snail growth in weight was based on calculated values derived from 
1ength:total weight relations not necessarily applicable to smaller tritons and probably a poor 
reflection of somatic growth. However, the high initial values could be explained by the fact that 
shell growth on a newly enriched diet may precede tissue growth, a fact which explained similar 
results in /?  duplicatus (Edwards and Huebner 1977). 
Implications for Giant Clam Culture 
The study of gastropod consumption and growth rates in optimal laboratory conditions 
using flow-through aquaria and abundant prey may produce results higher than usually obtained 
in wild field conditions but, usefully, different workers' findings are consistent (Edwards and 
Huebner 1977; Morton 1986; Burrows and Hughes 1990 and above). Certainly Cymatium spp. 
on shallow tropical reefs in Solomon Islands will rarely encounter super-abundant prey but the 
purpose of this study was to ascertain the impact of these species on the culture of tridacnids 
under highly artificial conditions. 
Floating and trestle ocean-nursery cages for juvenile clams present similar conditions of 
temperature (which did not vary greatly throughout the year), water flow, sunlight and prey 
abundance as in the experimental aquaria. Such cages are virtually isolated from the surround- 
ing reef making it difficult for tritons to escape once settled and also for larger predators to enter. 
Growth and consumption of the experimental ranellids may be reduced by handling and 
disturbances involved in prey replacement and measurement (Edwards and Huebner 1977). 
Snail growth and consumption may be adversely affected in clam cages by increased energy 
expenditure on locomotion, predator avoidance and intra-specific interactions. The most abun- 
dant prey in tridacnid cages was obviously T. gigas although occasionally fouling pearl oysters 
were quite abundant. As these are not the preferred prey of  C. muricinum, C. aquatile or C. 
pileare their impact should be negligible. No experimental tritons and few wild tritons collected 
from cages were deemed to be reproductively active but care should be taken if consumption of 
tritons in this condition is to be considered. Overall the experimental data can be taken to repre- 
sent a fair approximation to the growth and consumption of tritons in floating ocean-nurseries. 
The results presented in this chapter have serious implications for clam farmers. Small and 
difficult to detect C. muricinum of say 11 mm in length can be expected to consume around 130 
mg fresh weight of clam tissue per day equivalent to one 18-mm T: gigas, A full-sized C. muricinum of say 43 mm may consume over the same time period 270 mg of clam tissue. Thus 
small tritons which are easily overlooked and very difficult to exclude from cages (Govan et al. 
1993) have a disproportionately high impact on losses of  clam biomass. Clam cages are rarely 
checked more frequently than every 3 days and heavy triton infestations could exact high mor- 
tality. 
It is true that larger tritons are capable of killing larger clams than small ones (Perron et al. 
1985; c.f., Chapter 2) but it is not necessarily correct to imply that emphasis should be placed 
on removing the large tritons (Perron et al. 1985; Govan et al. 1993). As relatively few small 
ranellids are capable of causing the same damage in terms of tissue consumption as a large 
triton it may well be worth placing more emphasis on controlling the former. Unfortunately this is 
much more difficult than excluding or removing large tritons (Govan et al. 1993). Reproduction and Recruitment 
of  Cymatium spp. 
4.1 Introduction 
The capacity of larval ranellid predators of cultured bivalves to settle on or near their prey 
is undoubtedly the feature of  most concern to aquaculturists. This behavior has been reported 
for at least seven species of  ranellids, including Cymatium muricinum, C. nicobaricum, C. 
aquatile, and C. pileare, attacking cultured bivalves such as oysters (Ostreidae), pearl oysters 
(Pteriidae) and tridacnid clams (see Chapter 1). 
This problem has not been generally associated with gastropod predators of cultured 
bivalves in temperate seas such as muricid and naticid drills (Hancock 1974; Jory et al. 1984; 
Gibbons and Blogoslawski 1989). The capacity of predators to settle in culture cages reduces or 
eliminates the effectiveness of commonly used off-bottom culture techniques, such as floating or 
trestle cages, and other devices designed to exclude benthic predators (Jory et al. 1984). 
Considerable investments in manpower are routinely made at the various facilities culturing 
tridacnid clams in order to detect and remove recently settled ranellids (Heslinga et al. 1990; 
pers. obs.). The same is true for pearl oyster cultivation operations in Okinawa (Muramatsu, 
pers. comm.). Infestations of juvenile ranellids in culture cages are known to be episodic or 
seasonal (Perron et al. 1985) but otherwise little is known of the reproductive biology and fac- 
tors affecting recruitment of these gastropods. 
This chapter focuses on the reproductive biology of the family based on a review of pub- 
lished information and observations of  reproduction and recruitment of  C.  muricinum, C. pileare, 
C. aquatile and C. nicobaricum in Solomon Islands. Factors affecting recruitment of these four 
species are examined further in Chapter 5. 
Reproduction in the Ranellidae 
Mesogastropods, to which the Ranellidae belong, generally transfer sperm through copula- 
tion and fertilization takes place mternally (Webber 1977). Sexes of members of the Ranellidae 
are always separate (Kilburn and Rippey 1982). The anatomy of the genital systems of Ranella 
australasia australasia, C. parthenopeum parthenopeum and Cabestana spengleri from New 
Zealand was found to be relatively advanced, with the female reproductive system in particular, 
being comparable to that of neogastropods (Laxton 1969). The reproductive systems of C. 
muricinum and C. nicobaricum were found to be similar to those described for the New Zealand 
ranellids (Houbrick and Fretter 1969). 
60 Pairing and copulation have been described wherever mating has been observed between 
ranellids, specifically: C. nicobaricum (Houbrick and Fretter 1969), Charonia tritonis variegata 
(Percharde 1972), Ca. spengleri, R.a. australasia, C.p. parthenopeum and Ch. lampas 
rubicunda (Laxton 1969). 
Ranellids deposit their eggs in proteinaceous capsules (oothecae) as do other advanced 
mesogastropods and neogastropods (Webber 1977). The oothecae are relatively thin-walled 
compared to those of  neogastropods and a pre-formed exit aperture is lacking (Houbrick and 
Fretter 1969; Laxton 1969). Two characteristic shapes of egg mass have been described, the 
most commonly reported is cup-shaped, consisting of a hemispherical sheath of tough gelati- 
nous material attached at the  base with the opening facing outwards. The internal surface of 
the hemisphere is covered by a single layer of elongated oothecae attached by their bases 
perpendicularly to the hemispherical sheath. These cup-shaped egg masses have been de- 
scribed for C. nicobaricum (Houbrick and Fretter 1969; Purtymun 1974), C. corrugatum 
corrugatum (Ramon 1991  ), C. parthenopeum echo (Arakawa 1960), C. muricinum (Boullaire 
1953), C. parthenopeum parthenopeum (Laxton 1969), Ca. cutacea cutacea (Ramon 1991  ), Ca. 
spengleri (Anderson 1959; Laxton 1969; Riedel 1992), and Linatella caudata (Thangavelu and 
Muthiah 1983). 
Ganapati and Sastry (1  973) report a similar shaped egg mass from C. pileare attached to 
the operculum of the parent. However, this report is probably erroneous as the figured specimen 
is clearly not C. pileare but a member of the Bursidae which are also known to produce similar 
egg masses (D'Asaro 1970). 
The other shape of egg mass reported consists of an irregular flat mass conforming to the 
shape of the substrate and in which the oothecae are deposited independently. The oothecae 
are generally larger than those of species which lay cup-shaped masses. Species producing 
irregular egg masses are Ch. lampas lampas (Cazaux 1972), Ch.1. rubicunda (Laxton 1969), 
Ch. tritonis variegata (Berg 1971  ; Percharde 1972), Fusitriton magellanicus laudandus and R. 
australasia australasia (Laxton 1969). 
Tonnaceans, and in particular ranellids, are known to be aggressive brooders (D'Asaro 
1970; Riedel 1992) and external brooding was reported in all species of  Cymatium and 
Cabestana and also in R.a. australasia, Ch.1. rubicunda and L. caudata. However, Cazaux 
(1  972) states that egg-laying in Ch.1. lampas occurs over approximately 15 days and that during 
this period the egg mass is partially covered by the parent's foot but warns that this should not 
be falsely interpreted as brooding and that the adult abandons the mass as soon as laying is 
completed. The possibility that this is the case with Ch.1. rubicunda cannot be totally rejected 
with careful reading of the work of Laxton (1969). 
Data on fecundity of  ranellids are sparse. Around 100 oothecae were deposited by single 
specimens of  C. nicobaricum and C. gemmatum (Houbrick and Fretter 1969), C. muricinum 
(Boullaire 1953) and Ch.1. lampas (Cazaux 1972). The number of eggs per capsule reported 
varies considerably between and within species and although most authors checked for the 
existence of nurse eggs, none were observed. 
Riedel (1  992) found that the spawn of Ca. spengleri contains between 200 and 350 egg 
capsules and a single spawn houses around one million embryos. L. caudata was observed to 
deposit 271 oothecae containing an estimated 346,000 eggs (Thangavelu and Muthiah 1983). 
Ch.1. lampas deposited between 200,000 and 250,000 eggs (Cazaux 1972). An egg mass being 
brooded by C. gemmatum contained approximately 40,000 eggs (Houbrick and Fretter 1969) 
and roughly 660,000 larvae were reported to hatch from an egg mass laid by a specimen of  C. 
nicobaricum maintained in an aquarium (Purtymun 1974). Ca. spengleri develop inside the oothecae for 2-4 weeks (Anderson 1959; Laxton 1969) 
similar to C.p. parthenopeum but less than R. australasia (3 months) and Ch.1. rubicunda (2 
months) (Laxton 1969). Hatching continues in Ca. spengleriover a period of 1 week before all 
the egg capsules are empty. Larvae of  Ca.c. cutacea emerged from the oothecae after 27 days, 
18 days in the case of  C.C.  corrugatum (Ramon 1991) and 38 days in the case of  Ch.1. lampas 
(Cazaux 1972). In these three cases hatching took place over a period of several days. Hatch- 
ing of  C. nicobaricum larvae took place 21 days after spawning and all larvae emerged within a 
day (Purtymun 1974). Comparison of these published incubation periods is hindered because 
their duration can be expected to depend partly on temperature (Ramon 1991). 
Early gastropod shell growth is usually defined in terms of growth before and after meta- 
morphosis. The protoconch consists of shell growth that takes place before metamorphosis, 
subsequent shell growth forms the teleoconch (Lima and Lutz 1990). In planktotrophic larvae 
(including those of most Tonnoidea) two stages of protoconch formation may be observed. The 
protoconch I or embryonic shell consists of less than two whorls and is formed within the egg 
capsule before hatching. Shell growth after hatching and before metamorphosis comprises the 
protoconch II consisting of 2.5 to 4 whorls (Waren and Bouchet 1990). 
Most ranellid larvae emerge from a hole in the tip of the oothecae as planktotrophic ve- 
ligers (Laxton 1969; Cazaux 1972; Ramon1  991) with a fully formed protoconch I. Larvae of  Ca. 
spengleri and L. caudata have been reported to settle and crawl within a few days of hatching 
(Anderson 1959; Thangavelu and Muthiah 1983). Riedel (1  992) re-evaluated the ontogeny of 
Ca. spengleri and concluded that there was no evidence of direct development, Anderson's 
results being attributed to either abnormal development or that the egg mass belonged to a 
different species. It is probable that the results of Thangavelu and Muthiah (1  983) are also 
abnormal, possibly due to disturbance of the normal incubation periods or artifacts of the experi- 
mental techniques. 
The larvae of  C.C.  corrugatum and Ca.c. cutacea measure 290 and 240 pm in shell length 
respectively on hatching (Ramon 1991) and Ca. spengleri measures 200  prn (Riedel 1992). 
Bandel (1  975) described recently hatched larvae of  C. nicobaricum and C. martinianum with 
lengths between 0.28 and 0.30 mm. Ch.1. lampas larvae measure 430 pm on hatching (Cazaux 
1972) and recently hatched Ch.t. variegata are reported to measure 770-930 pm (Berg 1971). 
Nothing further appears to be known about the early planktotrophic stages of these ranellid 
larvae. 
Larval ranellids make a reappearance in the scientific literature at a size of several millime- 
ters floating amongst the plankton of ocean currents, hundreds or thousands of kilometers from 
land (Lebour 1945; Laursen 1981  ; Scheltema 1966, 1971  a). Larvae of various species of 
Cymatium have received attention because they are "teleplanic", i.e., they are larvae of benthic, 
continental shelf, animals capable of a long larval development in which they disperse over long 
distances in the open sea (Scheltema 1971  a). 
Morphological adaptations of teleplanic larvae of  Cymatium which increase buoyancy and 
otherwise facilitate a planktonic existence have been described. Work on C. parthenopeum 
suggests that after an initial (presumably nearshore) developmental period in which the 
protoconch II is formed, the larvae halt growth during transoceanic transport and shell calcifica- 
tion is greatly reduced (Pechenik et al. 1984) or calcified shell may even be resorbed (Richter 
1984). These larvae are aided by four large velar lobes used for swimming and feeding 
(Scheltema 1971a, 1971  b) which may extend up to a total diameter of  10 times the larval shell 
length (illustration in Lebour 1945). Laursen (1  981) described teleplanic larvae of  12 species of  Cymatium from plankton tows 
in the North Atlantic including C. nicobaricum (4-5 mm in shell length), C.  muricinum (3.50-3.75 
mm), Linatella caudata (2.0-2.5 mm) and C. pileare (4-5 mm). This last species is probably 
actually  C. martinianum which replaces C. pileare in the Atlantic (Beu 1985). 
Based on the size of larvae from Atlantic plankton tows and rough estimates of larval 
growth, Scheltema (1  971  b) suggested that C. nicobaricum and C. parthenopeum may remain in 
the plankton for a minimum developmental period of around 200 and 150 days, respectively. 
Subsequent to this obligatory developmental period, larvae are capable of settlement but may 
delay settlement until an appropriate cue is encountered. This delay period may extend for over 
100 days, during which little growth is experienced, giving a total planktonic life more than long 
enough to permit transatlantic transport. 
Scheltema (1  971a, 1971  b, 1977) argues convincingly that such teleplanic larvae serve as a 
genetic link between geographically isolated populations of these benthic species explaining the 
wide distribution of ranellids in both the Atlantic (Scheltema 1971  a) and the Pacific Oceans 
(Scheltema 1986). 
Some teleplanic larvae captured in plankton samples have been observed to metamor- 
phose in aquaria, specifically C.  nicobaricum (Lebour 1945; Scheltema 1971  b) and C. pileare 
(Lebour 1945). No field observations of  metamorphosis or settlement have been reported but 
where recruitment is mentioned it is invariably reported to be episodic or seasonal (Thangavelu 
and Muthiah 1983; Villalobos and Baez 1983; Perron et al. 1985; Heslinga et al. 1990). 
4.2 Methods 
Reproduction of Cymatium spp. 
Fully grown individuals of  C. aquatile, C. muricinum, C. nicobaricum and C. pileare were 
placed, according to species, in wire mesh cages suspended inside an 80-1 aquarium supplied 
with constantly running seawater, pumped directly from the nearby sea. During the 20-month 
course of the experiment usually at least four specimens of each species were contained in 
each of four cages but the number was sometimes reduced due to the removal of spawning 
animals. It was not always possible to establish the sex of the tritons and if no sexual activity 
was observed (courtship, copulation, egg-laying) over a couple of months then fresh tritons 
were introduced. 
Tritons were fed regularly with mantle tissue from adult T gigas previously sacrificed for 
other purposes and stored frozen. All tritons were observed to feed on this carrion but preferred 
live clams when available, especially C. aquatile and C. pileare. The only substrate suitable for 
egg-laying in each cage was a small, wide-necked glass jar. When egg-laying was observed to 
commence the other tritons were temporarily removed from the cage to avoid disturbances to 
the parent triton. When egg-laying was finished, the glass jar with egg mass and parent was 
removed carefully and placed in a separate, smaller aquarium until hatching. 
Depending on factors such as time of  hatching and whether the egg mass was kept in a 
static or flow-through aquarium, hatched veligers were collected, and at least one subsample 
was examined, measured, and counted under the microscope. Hatched veligers of each spe- 
cies were kept in a variety of  hatchery facilities and a number of different, small-scale, attempts 
were made to feed and induce settlement of the larvae. Dead veligers of each species in which the tissue had rotted away were rinsed in fresh 
water on fine mesh sieves and sun-dried. These samples were sent to Heather Winsor of 
James Cook University, Queensland, who performed scanning electron microphotographs using 
a Philips XL20 S.E.M. 
Recruitment of Cy  mat  i u  m spp. to Ocean-Nurseries 
Field data on occurrence of Cymatium spp. were obtained from the two major tridacnid 
ocean-nurseries run by ICLARM in Solomon Islands (Fig. 1.2). The first, where most ocean- 
nursery clam stock is held, is located just off the eastern shore of Nusatupe Island (NT) near 
Gizo in Western Province (8"06'N, 156'52'E). This site is generally well flushed with clear sea- 
water and is located on a sandy reef flat with coral outcrops and patches of seagrass. The 
number of cages increased over the study period, most being of the trestle type but also floating 
and benthic cages (c.f., Chapter 1).  This ocean-nursery was gradually moved approximately 50 
m offshore after February 1992. 
The second ocean-nursery site was located less than 100 m offshore from the ICLARM 
Coastal Aquaculture Centre (CAC) at Aruligo on Guadalcanal Island (g018'N,  15g048'E).  This 
site is also well flushed with sometimes strong tidal currents and is exposed to wind-driven 
waves. The water is often turbid with strong influence from nearby rivers during the rainy sea- 
son. The seabed shelves steeply and is composed of coral rubble and bommies giving way to 
sand with increased depth and distance from shore. During the study period virtually all cages 
were of the floating type. 
During the course of routine and, usually, daily checks of ocean-nurseries for the purposes 
of cage maintenance and predator control, staff supervised by I. Lane (NT) and T.  Shearer 
(CAC) were requested to record species, size and cage of origin of all ranellids. For this pur- 
pose specially designed forms were provided as well as containers for snail collection and 
plastic vernier calipers with which tritons were measured to the nearest 0.1 mm. 
Recently settled ranellids present few if any of the characteristics of adult tritons and there- 
fore may represent a problem for identification. Examination of sub-adult tritons of the four 
common species (c.f., Plates Ill and IV) suggested that the shape of the protoconch II was a 
distinctive feature of each of these species and this was confirmed by A. Beu (pers. comm.; Beu 
1988). Samples, photographs and descriptions of  relevant snails and their protoconchs were 
circulated to ocean-nursery staff. 
Raw data were provided by I. Lane and J. Hambrey regarding details of cage types and 
deployment and also numbers and sizes of tridacnids in the ocean-nurseries at the regular 
censuses. 
Data handling.  All raw data were entered into the database program DataEase or 
Supercalc5 spreadsheets using MS-DOS operated computers. Data were processed and sub- 
sequently exported to an interactive statistical analysis program, Statistix (Analytical Software 
1991). This program provides the same range of data analyses and manipulation techniques as 
the better known packages but has the advantage of being a single integrated system. 
Biological data.  Approximate settlement dates were calculated for C.  muricinum, C. 
aquatile and C. pileare collected at NT and CAC by using the predictive regressions obtained for 
linear growth (Tables 3.3 and 3.4). Most T: gigas in ocean-nurseries during periods of heavy C. 
muricinum settlement were less than 60 mm SL, averaging around 30 mm SL. In the case of C. 
muricinum, which was found to grow slower when feeding on larger clams, a growth rate of 0.56 mm,day-I (SE 0.05, n=9) was calculated resulting from the mean of  growth rates of all tritons 
initially fed on clams less than 60 mm SL (mean: 28.1 mm SL). 
The time taken for tritons to reach their size at collection was calculated as described by 
Sokal and Rohlf (1  981) for estimation of X from Y in predictive regression: 
Time = (Size - a)/b  ...  4.1) 
where "b" is the growth rate of juvenile ranellids (c.f., Table 3.3) and "a" is the size of the 
protoconch II of the species in question. 
Subtracting this calculated time from the collection date of each triton gives an estimate of 
the date at which tritons started adding teleoconch shell material to the protoconch. For the 
purposes of this study and based on the literature reviewed in Section 4.1 this date is consid- 
ered the "settlement" date. The settlement date could not be calculated for C.  nicobaricum as 
data were lacking on juvenile growth rates of this species. 
The estimated settlement data for each triton species in each cage type was converted to 
density of settlement by dividing the number of tritons settled in a given cage type (floating, 
trestle or benthic) and time period (months or weeks) by the available area of that cage type in 
the same time period. Settlement data were available for a period of 24 months at the CAC and 
for 20 months at NT. During the last 6 months of the experimental period the NT ocean-nursery 
was moved some 50-100 m offshore. 
This approach makes a variety of assumptions, two major ones being: 
1.  Growth in the field follows approximately the same pattern and rates as obtained in 
aquarium experiments. 
2.  The ranellids settle with a complete protoconch II and commence growing immedi- 
ately. 
Field estimation of C. muricinum growth rate. The first assumption and the value for 
growth rate used in equation (4.1) were tested by analyzing length frequencies of collected C. 
muricinum during periods of peak settlement over subsequent days. Raw data were examined 
for datasets in which clear size-frequency peaks were observab!e over at least three consecu- 
tive sampling days. The size-frequency distributions of each sample were split into age groups 
using the Bhattacharya method (Sparre et al. 1989) which is included in the Compleat ELEFAN, 
a package of computer programs produced at ICLARM by Gayanilo et al. (1  988) (see also 
Hilborn and Walters 1992). 
As C.  muricinum growth was expected to be linear for the small tritons which composed 
these samples the mean sizes of each age group for successive days were regressed against 
time using Model II or GM linear regression (c.f., Chapter 3) to estimate linear growth rate. 
The second assumption is based on the limited reports in the scientific literature as dis- 
cussed in Section 4.1. and also the size of recently settled C. muricinum as collected from 
ocean-nurseries around the Pacific. 
Statistical Analyses 
The time-series nature of the datasets, in which the random variables are not mutually 
independent, precludes analysis using standard parametric statistics in which mutual indepen- 
dence is a strong assumption (Diggle 1990). The serial dependence of both monthly and weekly 
datasets was examined using the autocorrelation function from Statistix, based on computations 
in Box and Jenkins (1976). In order to examine whether fluctuations in recruitment between species or cage types 
were correlated it is first necessary to remove serial dependence from the data. This can be 
achieved in the case of the monthly data, which is only serially correlated at a lag of one month, 
by the process of first differencing  (Thompson and Page 1989). First order differences were 
calculated for each variable using equation (4.2) (Diggle 1990; Pepin 1990). 
where X,  represents the change in the value of the variable X,  from the previous time period. 
Correlations of these first-order differences were calculated using rank correlations. Spearman's 
rank correlation coefficient (r,)  was selected in preference to that of  Kendall (tau) as rs  is more 
appropriate when there is less certainty about the reliability of close ranks (Sokal and Rohlf 
1981). However both tests are expected to produce similar results (Bailey 1981  ;  Analytical 
Software 1991). 
The significance of estimated values of rs  can be tested as an ordinary product-moment 
correlation for n > 10 (Sokal and Rohlf 1981). Two tailed significance tests on r,  were carried out 
automatically using the Pearson correlation function in Statistix but in cases where n 110, or 
significance levels were close to 0.05 or 0.01, specific tables for r,  were used (Kendall and 
Gibbons 1  990). 
Different overall numbers of each ranellid species were collected from cages at the CAC 
and different numbers of  C.  muricinum were collected in each cage type at NT. The significance 
of these differences was tested using a pairwise sign test of the monthly data. This test requires 
virtually no assumptions about the distribution of the paired samples (Analytical Software 1991 ; 
Sprent 1993). 
4.3 Results 
Reproduction of Cymatium spp. 
The reproductive behaviour of C.  aquatile, C.  muricinum, C. nicobaricum and C. pileare was 
observed under aquarium conditions. As far as could be ascertained, mating, egg-laying, incubation, 
development and hatching followed the same general pattern regardless of species. Records 
pertaining to reproduction in the four study species are summarized in Table 4.1. 
Pairing between males and females was observed and the male would accompany the female 
side by side or  more usually, attached to the body whorl of the female shell. This behaviour contin- 
ued for several days and occasionally copulation was observed. However, some tritons were ob- 
served to spawn when no copulation could have taken place for at least 1 month. 
Female tritons laid egg capsules in the corners of aquaria or in the substrata introduced  for that 
purpose, over a period of 2 to 4 days (Fig. 4.1). The egg mass formed a hemispherical cup-shaped 
mass as described in Section 4.1, achieved by laying egg capsules in a spiral starting from the 
center of the base and gradually tilting each new capsule towards the center of the hemisphere. The 
size of the egg masses was variable but never significantly wider than the parent's body whorl. The 
egg capsules were approximately cylindrical with a rounded apex and flattened base although the 
exact shape was variable. The size of the egg capsules was also variable, between 3 to 5 mm in 
length and 1 to 2 mm in diameter. The female tritons remained attached to the aperture of the egg Table 4.1. Details of  reproduction in captivity of  four species of  Cymatium. The size of parent snail, number of egg 
cases laid, number and size of  hatched larvae are shown where measured. "Development" is the total number of 
days from commencement of egg-laying on the "spawning date" until hatching.The number of days from the spawning 
date to full moon. An  asterisk indicates that the parent snail consumed its own eggs before hatching could take 
place. 
Species  Snail  Egg  Larvae  Larvae  Develop-  Spawning  Days from 
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C.  p~leare 
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Fig. 4.1.  Egg  mass of Cymatium pileare. Note the holes in 
the  tips of individual egg capsules  through which larvae 
escaped on hatching. 
masses during the whole incubation period, but 
tritons were observed to consume all their eggs 
and to abandon the egg mass if disturbed. 
From the limited data available, no evidence 
of seasonal spawning in C. muricinum and C. 
nicobaricum could be detected, much less so for 
C.  aquatile and C. pileare for which fewer obser- 
vations are available. C. muricinum commenced 
egg-laying 6 to 12 days before full moon in 10 out 
of  13 cases while C. nicobaricum commenced 
egg-laying 0 to 6 days before full moon in 5 of 8 
cases. 
The duration of the incubation period varied 
greatly, from 10 to 22 days in the case of  C. 
muricinum and 12 to 27 days for C. nicobaricum. 
Larvae hatched through a hole, approximately 
0.5 mm in diameter, which formed in the apex of 
the egg capsules. When hatching took place 
during the day time and was observed directly, it 
occurred over a period of 20 minutes to several Plate VII. Scanning electron micrographs of larval shells (protoconch I) of recently hatched Cymatium 
muricinum (upper) and C. aquatile (lower). (Photos by H. Winsor). 
hours. In one case a C.  nicobaricum disturbed towards the end of the incubation period ap- 
peared to induce hatching. 
From the data available, the larvae of all four species appear to be 230-250 pm in length 
on hatching, with an aperture of about 100 pm. The shells of recently hatched veligers 
(protoconch I) comprise roughly one whorl, the entire surface of which is covered with an inter- 
lacing network of sinuate ridges which describe small, irregularly sided polygons. The edge of Plate VIII. Scanning electron micrographs of larval shells (protoconch I) of recently hatched Cymatiurn 
nicobaricum (upper) and  C. pileare (lower). (Photos by H. Winsor). 
the slightly thickened shell lip is smooth. No obvious features distinguished the larvae of the 
different species (Plates VII and VIII). The shells are colorless or faintly brown-tinged except 
those of  C.  nicobaricum which are a darker brown, sometimes purple-tinged. 
A few aberrant shells of C. pileare and C. nicobaricum were observed, in which the embry- 
onic shell had not formed a spiral but rather an extended sock-shape such as described by 
Bandel (1  975) for C.  nicobaricum. The veligers possess a bilobate velum which is fringed with actively moving cilia approxi- 
mately 50 pm in length, the foot and a small operculum are also visible. On hatching, the ve- 
ligers actively swum upwards into the water column apparently by means of ciliary movements. 
The numbers of larvae produced was recorded at 30,000-70,000 and, in one case, up to 
200,000 per egg mass. Veligers were maintained in aquaria for up to 2 weeks but despite efforts 
including feeding with algal blooms, artificial diets and flow-through systems the veligers invari- 
ably died with little appreciable growth. The addition of various combinations of juvenile 
tridacnids, stones covered with encrusting algae, potassium chloride (Pechenik and Heyman 
1987), fouling algae and pearl oysters did not increase growth, induce metamorphosis or in- 
crease survival as far as could be ascertained. The best survival was obtained using natural 
algal blooms from fertilized tanks of seawater and daily sieving of larvae and exchange of the 
water. 
Plate IX. Juvenile shells of recently settled 
specimens  of four species  of  Cymatium. 
Pairs of  shells are from left to right:  C. 
muricinum, C. aquatile, C. nicobaricum and 
C. pileare. Note the distinctive protoconch II 
of each species. (Photo by H.Govan). 
Recruitment of Ranellids to Ocean-Nurseries 
The following characteristics of the protoconch II were found to be most useful in distin- 
guishing juveniles of the four ranellid species commonly found in ocean-nurseries (Plate IX). 
The protoconch of  C.  aquatile is the largest of the four species, conical in shape with very 
slightly convex sides. C.  muricinum has a wide protoconch which although conical in shape has 
strongly convex sides and sits on the teleoconch at a slight angle to its axis of coiling giving the 
impression of being "crooked". C. nicobaricum has a very sharp protoconch conical in shape but 
straight or even slightly concave sides. The protoconch of  C.  pileare is the narrowest with virtu- 
ally parallel sides for the oldest whorls and may also be situated at a slight angle on the 
teleoconch. 
Abundance of recently settled Cymatium spp. Over 20 months 7,114 ranellids were 
collected from floating, trestle and benthic ocean-nursery cages at Nusatupe (Table 4.2). During 
the last 14 months, when records were kept for all species, 86% of ranellids collected consisted 
of C. muricinum, 6% C. nicobaricum, 5% C. pileare, 3% C. aquatile and less than 1% C. 
mundum and C. comptum combined. A maximum of 39 C.  muricinum were collected per m2  of Table 4.2. Collection of four species of  Cymatium gastropods from cages at the Nusatupe tridacnid ocean-nursery, Solomon Islands. 
Total numbers of snails collected and monthly densities measured as snails collected per m2  of available cage space are shown for 
three consecutive periods of ocean-nursery operation. NIA = data not available. 
-  -  -- 
January - April 1991  May 1991  -January 1992  February - July 1992 
Cage 
Specles  type  Total  Dens~ty  (range)  Total  Dens~ty  (range)  Total  Density (range) 
C.  aquatile  Floating  N/A  NIA 
Benthic  N/A  N/A 
Trestle  N/A  N/A 
C. muricinum  Floating  56  3.2 (1.5-4.8)  1,662  19.47 (3.7-39.0)  123  2.01 (0.1-4.8) 
Benthic  19  2.7 (0.0-5.0)  508  12.31 (1.2-31.5)  74  1.28 (0.0-2.6) 
Trestle  309  4.0  (0.9-6.9)  2,844  10.09 (0.7-24.1)  544  1.43 (0.0-2.4) 
C.  nicobaricum  Floating  N/A  N/A  181  2.08 (0.4-3.8)  14  0.23 (0.0-0.5) 
Benthic  N/A  NIA  10  0.19 (0.0-0.6)  7  0.12 (0.0-0.4) 
Trestle  NIA  N/A  149  0.50  (0.0-1  .O)  36  0.09 (0.0-0.2) 
C. pileare  Floating  N/A  NIA 
Benthic  N/A  N/A 
Trestle  N/A  N/A 
cage per month with a weekly maximum of 22.4. 
Table 4.3. Collection of four  species  of  Cymatium  Ranellids were collected from cages within a few 
gastropod from cages at the Coastal Aquaculture 
Centre tridacnid ocean-nursery,  Guadalcanal Solomon  these being 
Islands. Total numbers of snails collected and monthly  Lower densities of ranellids were collected from 
densities  measured as snails collected per m2 of 
available caae soace are shown for a 2-vear oeriod  floating cages at the CAC over 24 months (Table 
, 
from 0ctobe;  1990.  4.3). A total of  839 ranellids were collected com- 
Species  Total  Density  (range)  posed of  C.  muricinum, 50%; C.  pileare, 21  %; C. 
aquatile, 16%; and C.  nicobaricum, 13%. A maximum 
C.  aquatile 
C. muricinum  134  0.30  (0.0-2.6)  monthly density of 4.2 C.  muricinum per m2 of cage 
42  1  0.80  (0.0-4.2) 
C.  nicobaricum  108  0.23  (0.0-0.8)  Was collected. 
C.  pileare  176  0.36  (0.0-2.2)  Field estimation of C. muricinum growth 
rate. Two sets of data from Nusatupe, appropriate for 
length-frequency analysis were found, corresponding 
to two 4-day periods in May and June 1991, respectively. In each of these datasets a single 
peak of  C.  muricinum recruitment appeared to have occurred that was clearly discernible in 
collections made over three subsequent days (Fig. 4.2). Model II regression of the modes of 
these peaks suggested a growth rate (+. s.e.)  cf 0.579 mm.day-l (+0.11, r2 = 0.931) for the May 
data and 0.548 mm.day-I (k0.06, r2  = 0.972) for the June data. In all other datasets examined 
either clear peaks were not distinguishable or these were not detectable in subsequent 
samples. 
Based on the above, the figure of 0.56 mm.day-I for growth of  C.  muricinum obtained under 
laboratory conditions appeared to be a reasonable value to use for the back-calculation of the 
settlement date of collected juvenile tritons of this species. 
The smallest C.  muricinum collected from Solomon Island ocean-nurseries and also from 
nurseries in Kosrae (samples provided by S. Lindsay) and Palau (Perron et al. 1985) were 
never smaller than 3.2 mm in length. This suggests that the mean protoconch length used for 
this species in the present study of 3.5 mm is probably within the range of reasonable variation. 
Variations in recruitment of Cymatium spp. Further analysis of data from the NT ocean- 
nursery concentrated on C.  muricinum which was by far the most abundant species collected. 5 
Days 
Fig. 4.3.  Time-series of weekly densi- 
ties of  C.  rnuricinum collected at the 
Nusatupe tridacnid ocean-nursery, 
Solomon Islands. Weekly densities of 
larvae settlement are estimated based 
on the size of collected snails and ex- 
perimentally derived growth rates. 
Fig. 4.2.  Length-frequency samples of 
C.  muricinum  collected  from  the 
Nusatupe tridacnid ocean-nursery dur- 
ing two periods  of four consecutive days. 
Oblique lines represent the growth of 
juvenile snails calculated by regressing 
the mode of the main component of each 
length frequency sample over time. 
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Weekly densities of  C.  muricjnum collected at the NT ocean-nursery are shown in Fig. 4.3. The 
estimated settlement densities are also shown in Fig. 4.3 based on the methods and growth 
rates outlined above. Approximately 2.2% of tritons were considered to have exceeded the size 
at which their growth was described by the linear model and had to be excluded from this last 
analysis. These larger tritons may have been immigrants to cages from the surrounding habitat 
Nov.  Jan.'9l  March  May  ~"ly  ~ept.  ~dv.  ~anL.92   arch  hr 
although this is extremely unlikely in the case of floating cages. More probably, the larger tritons 
had been overlooked during previous collections. The mean size of tritons collected from 
benthic cages was 11.0 mm and 2.0% of tritons were excluded from the analysis on the basis of 
size, the corresponding data for trestle cages were 11.8 mm and 2.4% and for floating cages 
11.5 mm and 1.8%. 
The plot of estimated settlement densities of C.  muricinum (Fig. 4.3) eliminates much of the 
random noise apparent in the collection data and clearly defined peaks of settlement are appar- 
ent. Peaks of settlement occur every 1-2 months with maxima in May and June 1991. After 
February 1992, settlement appeared reduced, coinciding with the period when the ocean- 
nursery was moved offshore. 
~. Cage type settled 
Benthlc 
Trestle 
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Fig. 4.4.Time-series  of estimated weekly 
densities of  C.  muricinum settled in 
cages at three different depths at the 
Nusatupe tridacnid  ocean-nursery, 
Solomon Islands. Cages were located 
on the seabed (benthic), on trestles 
raised off the seabed (trestles) and sus- 
pended  just below the surface (floating). 
Densities of  larval settlement are esti- 
mated based on the size of  collected 
snails and experimentally derived growth 
rates. 
Settlement data for C.  muricinum in three different cage types are shown in Fig. 4.4. 
Paired sign tests of monthly data suggest that the density of settlement in floating cages is 
higher than that in benthic or trestle cages (P < 0.05) and that settlement is not significantly 
different between benthic and trestle cages (P = 0.6). Spearman rank correlations of the 
first order differences of settlement data suggest that changes in monthly settlement 
density are significantly correlated  between cage types with rs values between 0.635 and 
0.689 (P < 0.01, n = 19). 
The weekly densities of  C.  muricinum collected at the CAC are shown in Fig. 4.5 over a 2- 
year period. The estimated settlement density is shown, based on data from 350 of the 421 C. 
muricinum collected. The remaining 20% of tritons had exceeded the size at which their growth 
was described by the linear model. The mean size of all the C. muricinum collected at the CAC 
was 17.6 mm. 
The estimation of settlement densities at the CAC produces more clearly defined peaks 
and less high-frequency fluctuations than apparent from the collection data alone. Particularly 
high settlement was recorded from January to April 1992 with very low levels in October and 
November 1991. 
Fig. 4.5.  Time-series of weekly densi- 
ties of  C.  muricinum collected at  the 
Coastal Aquaculture Centre tridacnid 
ocean-nursery, Guadalcanal, Solomon 
Islands. Weekly  densities  of  larval 
settlement are estimated based on the 
size of collected snails and experimen- 
tally derived growth rates. 
2.5 
-  Settled (estimated) 
-- ----- Collected Fig. 4.6 shows the monthly settlement densities of the three species of  Cymatium. A paired 
sign test suggests that significantly more C. muricinum settled than of the other two species 
(P < 0.001). Densities of settlement of  C. aquatile and C. pileare were not significantly different 
(P = 0.08). Spearman rank correlations of the first- order differences of monthly settlement data 
for the three species at the CAC suggest that monthly changes in settlement density are corre- 
lated between species (rs = 0.500-0.678, n = 23, P < 0.01  5). C. nicobaricum was excluded 
because the diet and growth of  early juveniles is not known. 
Autocorrelations performed on monthly settlement data from the CAC and NT showed that 
data were significantly autocorrelated at a lag of  1 month. First-order differencing of monthly 
data was found to remove any significant autocorrelation. Weekly datasets showed significant 
autocorrelations at lags from 1 to 4 weeks at the CAC and from 1 to 5 weeks in the case of  C. 
muricinum at NT and 1 to 3 weeks in the case of  C. aquatile and C. pileare. 
-  C. muricinum 
-- --  C. aquatile 
-  C. pileare 
Fig. 4.6. Time-series of monthly densi- 
ties of C. muricinum, C.  aquatile and C. 
pileare settled at the Coastal Aquacul- 
ture Centre tridacnid ocean-nursery, 
Guadalcanal, Solomon Islands. Monthly 
densities  of  larval settlement  are esti- 
mated based on the size of  collected 
snails and experimentally  derived growth 
rates. 
4.4 Discussion 
Reproduction in the Ranellidae 
The four species of  Cymatium studied in the present work are closely related (Beu 1985), 
all belonging to the subfamily Cymatiinae lredale 1913, and C. aquatile, C. nicobaricum and C. 
pileare belong to the same subgenus, Monoplex. This close relationship may account for the 
lack of significant differences observed between the reproductive behaviors of the four species. 
The egg masses were found to be cup-shaped and the female tritons were determined and 
aggressive brooders. Ramon (1  991) suggests that three types of  egg mass occur in the 
Ranellidae. The present work and the review by Henning  and Hemmen (1  993) suggest that 
only two types of spawn have been observed. Flat egg masses are produced by members of 
the genera Charonia, Fusitriton and Ranella while cup-shaped masses are produced by the 
genera Cabestana, Cymatium and Linatella. Brooding appears to take place for the main purpose of protection, as development and 
hatching take place normally in the absence of the female (Laxton 1969). Cup-shaped egg 
masses are well suited to this brooding habit. Although the oothecae are thin-walled the external 
surfaces of the egg mass are protected by a thicker layer of  horny material and the opening of 
the egg mass is small enough to be easily covered by the parent's foot. It is perhaps significant 
that the only report of a nonbrooding ranellid is that of  Ch.1. lampas which lays flat egg masses 
(Cazaux 1  972). 
Perron et al. (1  985) report that C. muricinum spawns throughout the year in Micronesia 
and no evidence was found in the present study for a yearly breeding cycle. Ranellids in more 
temperate latitudes such as New Zealand and Southern Australia are reported to spawn during 
the warmer season (Laxton 1969; Riedel 1992). 
Synchronicity between spawning and lunar phaseltidal cycle is relatively common amongst 
tropical fish with pelagic larvae. Spawning around the time of new or full moon maximizes tidal 
transport of  larvae on ebbing spring tides (Johannes 1978). Tidal rhythms of spawning are 
reported in a number of invertebrates including iittorinid gastropods (Webber 1977; Giese and 
Kanatani 1987). Nothing is known about spawning cues of ranellids. Although there is slight 
evidence of lunar periodicity in the present study this may be an artifact owing to the aquarium 
conditions or the sparse data. It is reasonable to expect ranellids, with their long planktonic 
larval stage, to attempt to achieve optimum tidal dispersal although the time of hatching would 
be more significant in this respect than that of spawning. 
The length of the incubation period for the four species of  Cymatium studied of  10 to 27 
days is within the range reported for other gastropods with planktonic larvae (Webber 1977) and 
similar to that of other species of  Cymatium (c.f., Section 4.1). The duration of the incubation 
period varied greatly for members of the same species and did not appear to be linked to sea- 
sonal conditions such as temperature. 
Female C. muricinum, C. nicobaricum and C. pileare were observed to consume their own 
egg masses if disturbed and sometimes spawn again subsequently. This behavior, if not an 
artifact of  laboratory conditions, has not been reported in ranellids nor have any reports been 
found for other gastropods. Presumably this behavior improves the chances that energy ex- 
pended on reproduction is not wasted. 
The study species were observed to present a number of reproductive features which 
could potentially enable a high degree of control over the time veligers enter the water column. 
Female tritons were capable of storing sperm for more than a month, as also noted by Ramon 
(1  991). Hatching of veligers from egg capsules takes place almost simultaneously and although 
the exact method of hatching is not known it is possible that in some cases this could be in- 
duced by the parent. However, whether these features and the possibly flexible duration of the 
incubation period really are adaptations in order to allow precise timing of the entry of veligers 
into the water column remains the subject of future research. 
No data are available regarding the total fecundity of the study species although it is pos- 
sible that two specimens of  C. muricinum spawned twice in less than 4 months. C. nicobaricum 
in an aquarium in Hawaii was observed to spawn three times in less than a year, one of the egg 
masses releasing about 660,000 veligers. Captivity may cause gastropods to produce fewer 
eggs (D'Asaro 1970) and the number of eggs produced will depend on factors such as the age, 
size and nutritional status of the parent snail. It is probable that mature tritons of the species 
studied produce a minimum of  100,000 veligers yearly and the true figure may be as much as 
ten or twenty times higher. Recently hatched larvae of  C. muricinum, C. nicobaricum, C. pileare and C. aquatile share 
the same general features of shape and sculpture. The bilobate velum of these hatchlings bears 
little resemblance to the four large velar lobes reported for members of the genus during their 
teleplanic existence (Lebour 1945; Scheltema 1971  b). Presumably these develop during the 
subsequent planktonic existence of the larvae. 
Electron micrographs of the protoconch I have been published for the following ranellids: C. 
cynocephalum, C. labiosum and C. parthenopeum (Richter 1984), C. martinianum and C. 
nicobaricum (Bandel 1975), C.C.  corrugatum and Ca. cutacea (Ramon 1991) and Ca. spengleri 
(Riedel 1992). These protoconchs and those of the species examined in this work are very 
similar in appearance and no distinguishing features are apparent. These protoconchs are  also 
similar to those of certain members of the Tonnidae and Bursidae (photographs in Bandel 1975; 
Waren and Bouchet 1990) and it appears that the characteristics of these protoconchs although 
not sufficient to distinguish between species of these families are typical of planktonic larvae of 
the Tonnoidea (Riedel 1992). 
In contrast to the findings regarding the use of the protoconch I in ranellid identification, the 
protoconch II was found to be sufficiently characteristic in each of the four species studied to 
enable species identification based on the protoconch II alone. Beu (1  988) and Waren and 
Bouchet (1  990) also found the use of the protoconch II to be important In identification of spe- 
cies of tonnaceans. 
Ranellid larvae have never been reared to settlement or even to the stage of protoconch II 
formation. Most authors report total larval mortality within a few weeks of  hatching, during which 
time the yolk supplies of  Ca. spengleri larvae were observed to rapidly decrease. It is possible 
that mortality of  larvae in culture occurs when the yolk supplies are finished and appropriate 
food is not encountered. The nature of food required is not known and live algal and artificial 
diets used in bivalve culture were tried unsuccessfully. 
It is worth examining the obligatory developmental period estimated for ranellids by 
Scheltema (1971  b) more closely, as this is thought to represent the minimum amount of time 
that the larval ranellids must remain in the plankton and will be a major factor influencing recruit- 
ment. 
In calculating obligatory developmental periods (ODP) of  150 and 200 days for C. 
parthenopeum and C. nicobaricum, respectively, Scheltema (1  971  b) used a larval growth rate of 
21  -22 ym.day-I obtained for the neogastropod Nassarius obsoletus over a 12-day larval phase 
(Scheltema 1962, 1967). The selection of this rate was due to the few data available for the 
growth of  any gastropod larvae (Scheltema 1971  b). Independently derived estimates of the 
durat~on  of the larval life of the neogastropod Thais haemostoma were in close agreement with 
calculated values, a fact which increased the confidence in the rough estimates derived for 
other species (Scheltema 1971  b). 
Since 1971 more data have become available regarding the growth rates of larval gastro- 
pods which enable a reappraisal of Scheltema's (1  971  b) estimates for the ODP of the two 
Cymatium species. Dobberteen and Pechenik (1  987) estimated larval growth rates of 27 
pm day''  for  T: haemostoma and 65 pm daym1  for the mesogastropod Crepidula fornicata. Lar- 
vae of  Crepidula plana grow at a rate 59 ym,day-I under optimum conditions of full salinity at 
29°C (Zimmerman and Pechenik 1991). Strombus costatus grew at a rate of 29  pm day-I over 
a 32-day period (Davis et al. 1993). The above larvae show linear patterns of growth but the 
mesogastropod Strombus gigas showed an increasing growth rate over the 21-day larval phase, 
with a mean of 39  pm day-' (Davis et al. 1993). The larval growth rate of T: haemostoma (Dobberteen and Pechenik 1987) is similar to the 
figure used by Scheltema (1971  b) and explains the close agreement he found between esti- 
mated and independently derived values of the ODP in this species. However the wide variation 
in larval growth rates at the generic (20-65 pm.day-I)  and even specific level, coupled with 
possible variations in growth pattern suggest that Scheltema's estimates for C. parthenopeum 
and C. nicobaricum are unreliable. 
If Scheltema's (1  971  b) calculations are repeated using a linear larval growth rate in the 
middle of the range of 20-65 pm day-' then ODP values of 81 and 107 days are obtained for C. 
parthenopeum and C. nicobaricum, respectively, just over half the values obtained by 
Scheltema. A more reasonable estimate of the ODP for species of  Cymatium would therefore 
be something in the region of 3 months. It is possible that even these revised values represent a 
serious underestimate. Growth rates of postlarval C. muricinum, C. pileare and C. aquatile 
estimated in Chapter 3 are 8 to 35 times higher than those obtained by Taylor (1  977) for other 
juvenile tropical carnivorous gastropods belonging to the families Muricidae, Naticidae, 
Columbellidae and Costellariidae. The possibility exists that larval growth of ranellids is also 
relatively fast in which case the ODP could easily assume values of a month or less. 
The only information pertaining to the larval growth of a ranellid is an observation by Riedel 
(1  992) based on the observed growth of larvae of  Ca. spengleri during the first few days after 
hatching in which it is tentatively estimated that it could take 3 months for the larvae to construct 
a complete protoconch II and be ready to metamorphose. 
It should be mentioned in closing that ODPs of as little as 1 month would still enable trans- 
atlantic transport of ranellid larvae as proposed by Scheltema (1  966, 1971  a, 1971  b) owing to 
the capacity of these larvae to delay metamorphosis for over 100 days as determined experi- 
mentally by Scheltema (1  971  b). 
Recruitment of Cymatium spp. to Ocean-Nurseries 
Recruitment in most marine invertebrates is composed of three components: larval supply, 
settlement and growth and survival of  newly settled juveniles. Recruitment is almost always 
measured as the end-product of these three components (Butman 1987; Harrold et al. 1991). In 
this study, recruited individuals are considered to be those collected from ocean-nurseries by 
staff. These data were used as a measure of  larval settlement without accounting for 
postsettlement processes such as mortality due to predators, diseases and genetic causes, 
active or passive migration, and sampling error (c.f., Butman 1987). Factors affecting recruit- 
ment are the subject of Chapter 5. 
Settlement of  C. muricinum and other ranellids in the Solomon Island ocean-nurseries is 
episodic or sporadic (Figs. 4.2 and 4.4). Similar settlement patterns have been described for C. 
muricinum in tridacnid ocean-nurseries in Palau (Perron et al. 1985) and for Linatella caudata 
infesting oyster farms in India (Thangavelu and Muthiah 1983). 
The factors triggering settlement of  Cymatium larvae can only be speculated on. Juvenile 
Cymatium spp. were collected from floating ocean-nursery cages within days of these being de- 
ployed and settlement was estimated to have commenced at the time of deployment. Densities of 
ranellid infestation were observed to increase as the size of an oyster farm in Tuticorin, India, in- 
creased (Muthiah et al. 1985) and a similar phenomenon has been observed but not quantified in 
ocean-nurseries in Solomon Islands and the Philippines (pers. obs.). This suggests that settlement 
of these ranellids may be induced by cues associated with the presence of their bivalve prey. The presence of prey has been reported to induce metamorphosis amongst predatory and 
parasitic opisthobranch gastropods and other marine invertebrate larvae (Franz 1972; 
Scheltema 1974). The existence of such a mechanism amongst larvae of these species of 
Cymatium would not be surprising given the indications of a high degree of chemoreception in 
juvenile and adult tritons (Laxton 1971; Govan et al. 1993; Chapter 2). 
Data provided by A. Dalton (pers. comm.) on collection of recently settled C. muricinum 
from tridacnid cages at Mili Atoll, Marshall Islands, showed that individual clams suffering infes- 
tations by several tritons simultaneously outnumbered clams attacked by only one triton by a 
factor of 7-20. Some clams were infested by more than 30 tritons simultaneously. Heslinga et al. 
(1  990) found large numbers of  C. muricinum infesting individual tridacnids and suggest that the 
tritons are attracted by the dying clams. Similar patterns of infestation have been encountered in 
Solomon lslands and Western Samoa (pers. obs.). The heavy infestations suffered by specific 
clams strongly suggest that something is attracting the small C. muricinum. Cues inducing 
settlement or attracting recently settled tritons may be provided by the presence of other 
ranellids or features of the clam such as stress or injury. Given that ranellid larvae are capable 
of  remaining in the plankton until suitable prey is encountered and that such prey in natural 
conditions may usually be ephemeral or patchily distributed it seems most probable that settle- 
ment cues are provided by the presence of  prey, particularly if these cues are related to a state 
of  greater prey vulnerability. 
The high correlation found between variations in settlement densities of  C. muricinum over 
time between cage types at Nusatupe suggests that essentially the same factors are involved at 
each depth. The correlation between the variations in settlement densities of  C. aquatile, C. 
muricinum and C. pileare over time at the CAC site leads to a similar conclusion regarding the 
factors affecting recruitment of these species. 
Despite the correlations, significantly higher densities of  ranellids were estimated to settle 
in floating cages than in trestle and benthic cages at the Nusatupe ocean-nursery. Possible 
explanations for this difference include: 
i)  Presettlement conditions. The local hydrography may affect settlement owing to 
differences in current strength between the surface and seabed. 
ii)  Postsettlement conditions. After settlement the density of juvenile tritons may be 
reduced by factors such as emigration or predation which may occur preferentially 
near the seabed. 
iii)  Sampling error. Floating cages were more accessible to skin-diving staff than benthic 
cages making predator collection easier in the former. 
Dalton (pers. comm.) found nearly four times higher settlement of  C.  muricinum in floating 
tridacnid cages suspended at 3-m depth than in those suspended at 0.3 m in the Marshall 
Islands and Bell (1  992; pers. comm.) found 2.5 times more recently settled C.  muricinum in 
benthic tridacnid cages than trestle cages in American Samoa. 
It seems unlikely that juvenile Cymatium spp. would emigrate from cages that provide such 
an abundant supply of food and adequate shelter to the surrounding, relatively impoverished, 
habitat. If tritons were more easily overlooked in benthic cages then one would expect the mean 
size of tritons eventually collected to be larger than those collected from trestle or floating 
cages. However, the mean size of tritons from all cages types was not found to be significantly 
different (t-test, p > 0.05) which supports staff claims that all tritons were collected from cages 
regardless of type (I. Lane, pers. comm.). The hydrography of ocean-nurseries and the effects of predation on recently settled 
ranellids appear to be the most likely candidates of those discussed to account for the differ- 
ences in recruitment density observed. Possible differences in ease of access of other predators 
between cage types and sites is discussed further in Chapter 6 and hydrography is further 
discussed below. 
Estimated settlement of  C. muricinum in floating cages at Nusatupe reached high levels of 
39 ~nails.m-~  per month and on one occasion 22.4 snai1s.m-*  were estimated to settle in 1 week. 
Average monthly densities of settlement in floating cages ranged from 0.8 to 19.5 snail~.m-~ 
depending on site and season. Dalton (pers. comm.) reports even higher densities of  C,  muricinum 
recruitment, more than 400 ~nails.m-~  per month in cages suspended at a depth of 3 m at Mili Atoll. 
The high densities of  C.  muricinum recruitment in tridacnid ocean-nurseries appear re- 
markable if this species has an obligatory planktonic phase of at least 3 months as discussed 
above. Before possible explanatory mechanisms are discussed it is worth examining exactly 
what planktonic densities of competent veligers would be required to account for the observed 
recruitment. 
For the purpose of these calculations a square cage 1 m x I  m is assumed. Floating cages 
in the Nusatupe ocean-nursery were usually suspended at a depth of roughly 0.4 m and cages 
are therefore assumed to present a 0.4-m2 "window" to the prevailing current. Currents in the 
ocean-nursery were usually wind-driven or tidal and if a modest average current speed of 0.25 
km hour-' is assumed then approximately 7.3 x 104 m3 of water can be estimated to pass over 
the cage every month. 
The cage mesh and support structure probably cause mixing of inflowing water and re- 
duced water velocities near the cage base and clams, both of which phenomena are likely to 
enhance the chances of floating larvae of receiving settlement cues from the cage substrate 
(Eckman 1983; Butman 1987). The competent larvae of the Cymatium spp. are large and well 
adapted to their planktonic existence with large velar lobes (Lebour 1945; Scheltema 1971  b) 
and may be able to respond actively to settlement cues. If it is assumed that most of the larvae 
passing over the cage settle and that postsettlement losses are negligible then monthly recruit- 
ment densities of 10 C.  muricinum m-2  could be achieved with a planktonic larval density of 1.4 x 
C. muri~inum.m-~. 
The only data available on planktonic densities of teleplanic larvae of Cymatium spp. 
pertain to the North Atlantic and are those of Scheltema (1  971  b) for C. parthenopeum and C. 
nicobaricum and those of  Laursen (1  981) for nine species of  Cymatium including C. muricinum. 
Scheltema (1  971  b) calculated that for a larva to be found in one of his plankton tows it had to be 
present in the ocean waters at a minimum concentration of  1.35 x 1  0-3  larvae m3. C. 
parthenopeum and C. nicobaricum were sampled at least once in 27% and 4'/0,  respectively, of 
all plankton tows throughout the North Atlantic. This gives minimum planktonic densities of 4.0 x 
1  0-4  larvae m-3  for C. parthenopeum and 0.5 x 1  o-~  larvae.m4 for C. nicobaricum. 
Plankton tows in the Central Pacific Ocean (including Solomon Islands) yielded ranellid 
larvae at 30% of stations (Scheltema 1986). C. muricinum is one of the more common ranellid 
species in the tropical Pacific (c.f., Chapter 1). If it is assumed that larval C. muricinum occur in 
oceanic waters bathing Solomon Islands at densities of a similar order of magnitude to those 
observed for C. nicobaricum and C. parthenopeum in the North Atlantic then a minimum value 
in the region of 1.0 x  larvae m-3  seems reasonable. 
Data on capture of larvae of C.  muricinum during plankton tows in the North Atlantic pre- 
sented by Laursen (1  981) allow the calculation of approximate planktonic densities. C. muricinum larvae occurred at densities of up to 1.2 x 10"  larvae m-3  throughout the Caribbean 
and Gulf Stream. Considering only the plankton tows performed within 300 nautical miles of the 
tropical coast of America and the Caribbean, a mean value of  1.8 x 1  0-4  larvae m-3  is obtained. 
Densities of 0.8 to 39.0 C. muricinum m-2  settling in Solomon Island ocean-nurseries could 
be achieved with planktonic densities of 1.1 x 10-5-5.5 x 1  0-4  larvae.m3 which, based on the 
rough calculations and assumptions outlined above, do not seem unreasonable. The high levels 
of  C. muricinum recruitment could be explained by settlement of teleplanic larvae without re- 
course to more complex mechanisms. 
If assumptions regarding settlement behavior or average current speeds are unduly opti- 
mistic, then higher densities of  C. muricinum larvae must be found in the waters surrounding the 
island and lagoon ocean-nursery sites than in the open ocean in order to account for the high 
levels of recruitment observed, particularly those at Mili Atoll. Hydrographic mechanisms appear 
to be the most likely means of accounting for these increased densities. 
A number of hydrographic mechanisms have been documented which would account for 
the often higher observed concentrations of plankton, including larvae, around tropical islands 
than in the nearby ocean (c.f., review by Young and Chia 1987). 
Black et al. (1  990, 1991) and Black (1  993) modelled the dispersal of neutrally buoyant 
particles such as larvae around reefs in the Great Barrier Reef system. The authors concluded 
that subject to factors such as reef size, currents, tidal regimes, depth and residual currents, 
50% of  neutrally buoyant material may remain near the reef of origin after 12-14 days and more 
than 5% may remain indefinitely. The results suggested that retention of  larvae could be further 
enhanced if larvae were negatively buoyant, if spawning occurs at high or spring tides and if 
reefs are found in complex groups or clusters (Black et al. 1991). 
Oceanic Islands in major current systems often have eddies and turbulence associated 
with their downstream wakes (Young and Chia 1987). Mesoscale eddies and currents in the lee 
of the island of Hawaii can entrain larvae from reefs for several months during which time the 
larvae may be swept back over the same or nearby reefs a number of times (Lobel and 
Robinson 1986). Correlations have also been observed between the formation of these eddies 
and occurrence of trade winds (Patzert 1969 in Lobel and Robinson 1986). 
The residence time of water in lagoons may be surprisingly long. Gallagher et al. (1  970) 
calculated a residence time of at least 11 months for water contained in the lagoon of  Fanning 
Island. In Bikini lagoon the circulation pattern is strongly influenced by the trade winds which 
drive the surface waters across the lagoon. The channels between islands on the leeward side 
are too small to allow the escape of most of the water which is obliged to proceed back to the 
windward side of the lagoon along the bottom (Von Arx 1948 in Young and Chia 1987). This and 
other mechanisms such as temperature mediated stratification probably retain larvae in many 
such lagoon systems particularly if the larvae can achieve a position in the deeper lagoon 
waters (Young and Chia 1987). 
Hydrographic mechanisms such as these could account for the large differences in C. 
muricinum recruitment density observed between sites. The complex reef systems around the 
Nusatupe ocean-nursery would be expected to retain more larvae than the relatively open 
coastal site at the CAC (see map; Fig. 1.2) and extremely high densities of  recruitment at Mili 
Atoll are not surprising given potentially very long residence times of the lagoon water. Interest- 
ingly, Dalton (pers. comm.) reports the presence of a thermocline between the shallow and less 
infested cages and the deeper and heavily infested cages. lmplications for Giant Clam Culture 
The possibility that dying or wounded clams may attract larval or postlarval ranellids sug- 
gests that such clams should be removed from ocean-nurseries as soon as possible. 
Current advice for the selection of ocean-nursery sites includes surveys for the presence of 
predators (Calumpong 1992). Ranellids are likely to be the most serious predator affecting 
ocean-nursery clams (this work; Govan 1992a), but the present work and experiences from 
other ocean-nurseries (Sims and Howard 1988; Heslinga et al. 1990; Govan et al. 1993) sug- 
gest that the threat is principally from the settlement of planktonic ranellid larvae. 
The emphasis in site selection should be on the local hydrographic regime and, at least 
until more knowledge is gained, a certain amount of trial and error may be involved. Linear, 
open coasts such as that at the CAC are probably less likely to accumulate high densities of 
larval ranellids compared to more complex sites such as that at Nusatupe. 
A factor that may be expected to influence settlement is the speed of  currents over the 
settlement substrate. Although a faster current may be expected to bring more larvae into the 
proximity of a cage there is likely to be a maximum speed beyond which the larvae are unable 
to settle on the surface of the cage (c.f., Eckman 1983). If this is true, cages may act as traps 
for larvae by providing areas of turbulence and back-eddies which provide larvae with suitable 
conditions for settlement. Large areas of fine cage mesh would increase the effect. This may be 
the reason why settlement of  C. muricinum appears to have been much reduced at Nusatupe in 
1992, coinciding with the movement of cages to an outer and more current swept site. 
The hydrographic processes discussed above should be considered and, when the ocean- 
nursery is established, ranellid recruitment should be monitored and evaluated in the light of 
these processes. Basic monitoring need only take the form of recording the approximate date of 
triton collection, the cage or cage type and whether the triton is juvenile or adult (Govan et al. 
1993). Ocean-nurseries suffering unacceptably high ranellid recruitment may benefit by rela- 
tively minor adjustments in cage location, either horizontally or vertically. The structure of cages 
may have an impact on the hydrodynamic processes affecting recruitment (Eckman 1983) and 
cage design may be critical in some situations. Environmental Factors Affecting 
Recruitment of  Cymatium spp. 
5.1 Introduction 
The recruitment of predatory ranellids to tridacnid ocean-nurseries in Solomon Islands 
shows high variability (c.f., Chapter 4) and Cymatium muricinum recruitment in tridacnid ocean- 
nurseries in Palau has been described as episodic (Perror, et al. 1985; Heslinga et al. 1990). 
Similar patterns of recruitment have been observed for Linatella caudata (Thangavelu and 
Muthiah 1983) and C. muricinum and C. martinianum (Littlewood 1991) infesting farmed oysters 
(Crassostrea spp.) . 
The cultivation of bivalve species affected by ranellid predation would benefit if peaks of 
occurrence of these tritons could be predicted. Such predictions would enable bivalve spat to be 
moved from the safety of land-based nurseries, where ranellid incidence is usually negligible, to 
ocean-nurseries during periods when ranellid incidence is expected to be low. Furthermore, the 
intensity of control measures could be adjusted according to the intensity of predicted incidence 
resulting in savings in manpower and equipment. 
Most authors do not mention seasonality or other factors correlated with ranellid recruit- 
ment which could enable predictions of  recruitment. This is probably largely due to the short and 
incomplete datasets involved. However, Villalobos and Baez (1  983) report that infestations of  C. 
corrugatum amictum on stocks of cultured Anadara tuberculosa follow an annual cycle. 
The only reports of factors thought to affect the recruitment of ranellids (C. muricinum) in 
ocean-nurseries come from the MMDC in Palau. Based on collection per unit effort data from 
ocean-nursery cages, the abundance of juvenile C. muricinum was observed to increase during 
periods of high rainfall (Heslinga et al. 1990). Adult tritons were found to breed throughout the 
year and the authors suggested that rainfall increases productivity through nutrient-rich run-off 
in lagoon waters which in turn enhances larval survival and/or metamorphosis and hence re- 
cruitment. The observations were not examined statistically and no other environmental or 
biological variables were considered. 
The Study of Recruitment Variability 
The study of recruitment variability in relation to fisheries has received much attention 
during the course of this century, in most cases with a remarkable lack of progress (Bakun 
1985). For many years after the ground-breaking work of  Ricker (1  954)  the emphasis was placed on the relationship between parent stock and recruitment and the effects of environmen- 
tal variability were largely neglected (Longhurst and Pauly 1987). This trend has now been 
reversed and environmental and ecological mechanisms are now widely accepted as perhaps 
the principal determinants of abundance variability in many stocks (Shepherd et al. 1984; 
Longhurst and Pauly 1987; Fogarty 1993). 
Despite the above, attempts to relate recruitment variations with variability in the environ- 
ment or biological community have been generally unsuccessful (Bakun 1986). Such studies 
have been hampered by the incredibly complex interactions of environmental and biotic factors 
on the, usually little known, early life stages of the study species (Bakun 1985). Other complica- 
tions arise owing to the interference of annual or other periodicities, the usually short datasets 
available (particularly in the case of tropical fisheries) and serial correlations owing to the time- 
series nature of the data (Bakun 1985, 1986; Pepin 1990; Hilborn and Walters 1992). 
The bulk of research on recruitment variability has been carried out on fish stocks but 
knowledge of the factors affecting the recruitment of benthic marine invertebrates has also 
expanded, especially since the seminal works of Gunnar Thorson (1  946, 1950, 1966). Thorson's 
views have been broadly vindicated (Rumrill 1990) and wastage of marine invertebrate larvae 
with dispersive development may be a primary factor influencing recruitment into benthic popu- 
lations (Thorson 1950). 
Drinkwater and Myers (1  987) tested environmentally based predictions of landings of 
invertebrates in the Northwest Atlantic and found them to be generally more accurate than those 
for fish stocks. Predictive models have been developed with varying degrees of success for the 
recruitment of tropical shrimps. An example is the banana prawn, Penaeus merguiensis, fishery 
of Northern Australia the volume of which appears strongly correlated with the rainfall of previ- 
ous seasons and to a lesser extent with certain wind components (Staples et al. 1984; Vance et 
al. 1985). The recruitment of other commercially important invertebrates has also been the 
subject of predictive studies including the gastropod Haliotis rubra (McShane et al. 1988), the 
bivalve  Pecten maximus (Thouzeau 1991 and references therein) and the crab Callinectes 
sapidus (Johnson and Hester 1989). 
Factors Influencing Recruitment 
The three potential causes of variations in recruitment listed by Shepherd et al. (1  984) are: 
i)  Environmental factors such as variations in climate, tidal conditions etc. 
ii)  Variations in the abundance of the parent stock. 
ii)  Ecological interactions such as the variations in the abundance of  predators or 
competitors or prevalence of disease. 
In the case of tropical invertebrate larvae with an extended planktonic phase, environmen- 
tal and ecological processes acting on the larvae are probably the strongest determinants of the 
magnitude of  recruitment as has been reported for many coral reef fishes (e.g., Shulman 1985; 
Meekan et al. 1  993). 
The biological and environmental factors causing larval wastage of  invertebrates proposed 
by Thorson (1  950) include: failure of fertilization, inadequate food supplies, lethal and sublethal 
environmental extremes, absence of  appropriate settlement substratum, offshore transport by 
currents and predation of larvae. To  these factors, Rumrill (1  990), in a recent review, added 
genetic abnormalities and larval diseases. 
As pointed out by Johannes (1  978), tropical marine environments differ substantially from 
those at higher latitudes. Seasonal variations in day length, temperature, nutrient levels and oceanic plankton densities are relatively low. The seasonal cycle generally consists of two 
monsoonal or trade wind seasons distinguished on the basis of wind, precipitation and current 
patterns. 
From the above it seems reasonable to assume that the following factors may be important 
causes of variability in ranellid recruitment to ocean-nurseries: environmental factors, such as 
wind direction and strength, current direction and strength, tidal cycles, rainfall and ecological 
processes, such as planktonic and postsettlement predation and competition. 
Environmental Influences on C. mu  rici  n u  m Recruitment 
Detailed time-series of  information on planktonic ecological processes such as predation 
and competition which may affect ranellid recruitment will rarely, if ever, be available for most 
areas where tridacnid culture is practiced. On the other hand, meteorological data related to 
environmental influences on recruitment may often be available from local airports or weather 
bureaus and key parameters may even be monitored by the farmers themselves. 
Heslinga et al. (1  990) reported that rainfall is successfully used as a predictor of  ranellid 
recruitment in Palau and that snail collection efforts are intensified in the ocean-nursery after 
periods of increased rainfall. However, no such mechanism has been reported from other 
tridacnid ocean-nurseries. The objective of the present chapter is to examine the relationship 
between a number of environmental variables and the recruitment of  C. muricinum reported in 
Chapter 4 for two Solomon Island ocean-nurseries, with a view to assessing the potential of 
these variables as predictors of  ranellid recruitment in tridacnid culture. 
Relating variations in recruitment to environmental variability is notoriously difficult (Shep- 
herd et al. 1984; Bakun 1986). This is not because correlations are difficult to obtain: on the 
contrary, where large numbers of variables or time lags are tested it would not be surprising to 
obtain a "statistically significant" correlation in 1 of every 20 cases when tested at the the stan- 
dard 5% level of probability (c.f., Walters and Collie 1988). The interrelationship between vari- 
ables may be very complex but also the relationships may not be linear. For example, the 
dome-shaped or parabolic relationships suggested between recruitment and specific environ- 
mental factors by Cury and Roy (1  989) and Dalzell (1  990). 
Most recruitment and many environmental time-series are autocorrelated (Fogarty 1993), a 
factor which is not taken into account by ordinary correlation analysis and which increases the 
chances of obtaining spurious correlations (Shepherd et al. 1984). Time-series methods of 
analysis (which take account of the sequential nature of the data) have often been used in the 
study of recruitment. The two principal methods of analysis are spectral analysis and ARlMA 
(auto-regressive integrated moving average) analysis (Shepherd et al. 1984). 
Spectral analysis essentially examines the existence of periodicities or deterministic cycles 
in the data and has found wide application in the fields of terrestrial and aquatic ecology (Platt 
and Denman 1975; Shepherd et al. 1984; Coull 1985; Diggle 1990). Methods of cross-spectral 
analysis have been developed which can handle multivariate series (e.g. Colebrook and Taylor 
1  984). 
ARlMA analysis examines the data in terms of linear values of past values of the series 
and/or previous random shocks, respectively, auto-regressive and moving average processes 
(Box and Jenkins 1976). Multivariate series may also be objectively related and this type of 
analysis has been applied to a number of fishery-related problems (e.g., Fogarty 1988; Meekan 
et al. 1993). Both the above time-series methods generally require many data points (more than one 
hundred or so) to generate meaningful results (Shepherd et al. 1984). First-differencing is a 
simple procedure (c.f., Section 4.2) commonly used to remove the long-term trend in time-series 
thus reducing the problem of serial correlation (e.g., Drinkwater and Myers 1987; Thompson 
and Page 1989; Meekan et al. 1993). Data thus transformed may be examined using standard 
correlation techniques and may yield useful insights into the processes involved (Drinkwater and 
Myers 1987; Pepin 1990). 
The approach adopted in the present study was largely determined by the short datasets 
available. The work presented below represents an exploratory analysis which examined: 
i)  the presence and frequency of periodicities in the recruitment and environmental 
datasets using spectral analysis; 
ii)  correlations between environmental and recruitment variables before and after major 
trends were removed using differencing; and 
iii)  the variability accounted for by different environmental models and the independent 
effects of each environmental variable using simple path analysis. 
5.2 Methods 
Database 
Recruitment data. Raw data regarding recruitment of  C.  muricinum were provided by I. 
Lane and J. Hambrey as described in Chapter 4 along with details of cage types and deploy- 
ment. 
Environmental data. Meteorological data were provided by the Solomon Islands Meteoro- 
logical Service (SIMS) for Munda (daily) and Honiara (monthly). Munda is about 40 km east of 
the NT site and Honiara is some 25 km east of the CAC. 
Rainfall records in mm.m-*  were grouped into monthly totals for Honiara and weekly and 
monthly totals for Munda. Complete datasets were available for Honiara and Munda. 
Wind data for Honiara were only available as monthly per cent incidence of each wind 
direction at 1400 hours and the per cent incidence of different wind strengths regardless of 
direction. Daily wind data were available for Munda in the form of wind direction and speed (in 
knots) at 1400 hours. These data were expressed as mean weekly and monthly wind speed for 
each direction. 
Solomon Islands is affected by two seasonal wind patterns; the monsoons or "Komburu" 
which blow from the northwest sector during the wet season from November to May and the 
southeasterly trade winds, "Ara", which predominate during the rest of the year (L. Tahani, 
SIMS, pers. comm.). Local topography modifies the direction of these predominant winds at the 
CAC and NT sites. 
Wind incidence data for 16 points of the compass during the study period at both Honiara 
and Munda were examined to determine the main wind components (Vance et al. 1985). 
Graphic representation of the raw data resolved the major components and Spearman rank 
correlations were used to confirm these apparent relationships. 
Honiara is on the north coast of Guadalcanal, a high island, thus the Ara blows from the 
east or southeast and Komburu from the north, northwest or west. Winds from these directions 
accounted for 30% of total wind incidence at 1400 hours in Honiara. Nonseasonal northeast winds accounted for 62% of wind incidence at the same time but examination of data for 0800 
hours suggested that this wind was a daily onshore wind which reversed in direction during the 
night. Similar conditions were observed at the CAC (pers. obs.). 
The topography of the area surrounding Munda is complex but the wind components of the 
Ara were clearly distinguishable from the the east to southeast and Komburu from the west to 
northwest. These components accounted for about 60% of the wind incidence with occasional, 
nonseasonal, southerly and northeasterly winds accounting for the remainder. The NT site was 
only 40 km from Munda and should be affected by the same overall wind regime but the angle 
of  incidence of these winds may be modified by the different topography of the area. 
The wind data at each site were resolved into the main components detected above by 
adding the proportion of incidences (in the case of Honiara) or mean wind speeds (Munda) for 
each wind belonging to the component. All meteorological data were available for a period 
covering and exceeding the period for which settlement data were available. 
Data on tides were obtained from tide tables published annually by the Solomon Islands 
Hydrographic Division for Honiara and a port 3 km from Nusatupe, Gizo. Weekly figures were 
obtained for the height of low and high tides and the tidal range was calculated from these. The 
tidal regimes of Honiara and Gizo were identical. 
Statistical Analyses 
All datasets were examined initially to determine what statistical tests and transformations 
were appropriate (Sokal and Rohlf 1981). Normality was tested using Wilk-Shapiro statistics and 
rankits (Sokal and Rohlf 1981; Analytical Software 1991). Variables were tested for indepen- 
dence or serial correlation using the Statistix autocorrelation program based on computations in 
Box and Jenkins (1  976). 
Most datasets only conformed to normal distributions after transformation. This was only 
an issue for the tests which require normality, specifically spectral analysis (Platt and Denman 
1975) and the Pearson product-moment correlations (Sokal and Rohlf 1981) used in the path 
analysis. The remaining correlations were performed using Spearman's rank correlation tech- 
nique as described in Chapter 4. 
The C. muricinum recruitment data appeared log-normally distributed, as is often the case 
with such data (Shepherd et al. 1984; Thompson and Page 1989; Pepin 1990), and they were 
transformed as Log(X+1). Wind data from Honiara, expressed in per cent frequencies, corre- 
sponded better to a normal distribution when square root rather than arcsine (Sokal and Rohlf 
1981) transformations were used. First differencing was performed as described in Chapter 4. 
Each set of  raw data was cross-correlated with an annual cycle represented by a sine 
wave with a 12-month period. This enabled identification of the timing of any regular seasonal 
maxima and minima, i.e., the months with the maximum significant (P < 0.05) positive and 
negative correlations, respectively (Robertson 1990). 
Spectral analysis. The existence of periodicities or deterministic cycles in the recruitment 
data was examined using spectral analysis. The Statgraphics program was used to produce 
periodograms in which spectral density estimates were obtained using Fast Fourier Transformations 
(FFT) for transformed data with the mean removed (STSC 1985). Only the datasets consisting of 
weekly records contained enough data points (n = 75 to 105) to be suitable for analysis, i.e., those 
pertaining to C.  muricinum recruitment in floating cages at the CAC and floating, trestle and benthic 
cages at Nusatupe, meteorological data for Munda and tidal data for Gizo and Honiara. Spectral analysis is only appropriate for stationary data (Diggle 1990) and as the present 
datasets were short and therefore could easily present a trend, these were detrended where 
appropriate. Detrending was achieved by polynomial regression of the datasets and the result- 
ing regression equation was removed from the data prior to spectral analysis (Diggle 1990; 
Janacek and Swift 1993). Sixth-order polynomials were used but the results were also com- 
pared with the results obtained using third-order polynomials, first-order differences and the 
original data. The environmental series presented little trend and were not detrended. 
The resulting periodogram ordinates were smoothed using third-order moving averages. 
This process enabled the more important spectral peaks to be distinguished from erratic fluctua- 
tions although it does cause a small loss in terms of resolution (Diggle 1990). 
The possibility that the time-series were "white noise" sequences (or sequences of mutually 
independent random variables) was tested using cumulative periodograms. Departures from the 
values expected for a white noise sequence were tested at the 95% level of significance using a 
Kolmogorov-Smirnov statistic (STSC 1985; Diggle 1990). 
Confidence limits at the 95% level of significance were calculated for raw and smoothed 
spectral density estimates using the chi-squared method (Gottman 1981  ; Diggle 1990). 
Correlations. Spearman rank correlations were used to test for relationships between 
monthly recruitment data and the environmental series available for each site. Lagged datasets 
were also tested and the whole analysis was repeated with the same data detrended by 
differencing. 
Correlation matrices for the detrended and transformed data were constructed using 
Pearson's product-moment correlation in order to examine interrelationships between environ- 
mental variables and to provide coefficients for path analysis. 
Path analysis. Simple models of interactions between environmental factors and the effect 
of these on recruitment were examined using path analysis (Asher 1976; Sokal and Rohlf 1981  ; 
Johnson and Wichern 1988; Pepin 1990). Models (path diagrams) were kept simple and only 
two or three predictor variables were included as suggested by Shepherd et al. (1984). 
A path diagram is shown in Fig. 5.1, "X," represent environmental variables and "Y" repre- 
sents recruitment. Path analysis separates the correlation between variables into the sum of the 
chain of path coefficients (p,,)  or correlations (ri,) along all the paths by which they are con- 
nected. Relationships which are considered to be cause and effect are depicted by one-headed 
arrows and correlated causes are depicted by double-headed arrows. 
Fig. 5.1. Path diagram relating environmental variables and re- 
cruitment. "X," represents environmental variables and "Y" repre- 
sents recruitment. Path coefficients are represented by PYi  and 
correlation coefficients by r,,. Relationships which are considered 
to be cause and effect are depicted by one-headed arrows and 
correlated causes are depicted by double-headed arrows. See 
text for details. The direct association between recruitment and a given variable can be separated from the 
indirect associations due to the correlation of the independent variables of the proposed model. 
Thus the correlation between each variable and recruitment is determined by the combined 
direct and common causes. The unknown factors which determine recruitment are lumped 
together as a single, unknown, residual variable "U". The total determination of recruitment for 
each known variable are calculated using equation (5.1): 
where pyi is the standard partial regression coefficient between recruitment (Y) and direct cause 
(Xi), rij  is the correlation between variables i  and j and r,,  is the residual correlation. The first two 
elements on the left-hand side of equation (5.1) represent the coefficient of determination (r2). 
5.3 Results 
Recruitment in this study refers to the density of C.  muricinum collected from ocean-nurser- 
ies by staff. Because of the variation in sizes, and presumably ages, of collected tritons the 
approximate date of settlement was back-calculated based on experimentally derived growth 
rates (c.f.,  Chapter 4). The use of this estimated settlement data was deemed in Chapter 4 to 
eliminate much of the noise and variation due to the irregular collection technique and thus the 
recruitment dates used in the present chapter are back-calculated as well. 
Time-series data. Monthly time-series of recruitment data and the available environmental 
data were compiled and plotted. The minimum value ~f each series was subtracted and the 
remainder were normalized between 0 and 1 to enable the graphical comparisons shown in Fig. 
5.2 for the CAC and in Fig. 5.3 for the NT site. 
Yearly cycles are apparent in the monsoon and trade winds and in rainfall at Honiara. The 
tidal data appear to follow a twice yearly cycle. Other cyclic patterns are not immediately appar- 
ent. The last 6 months of recruitment data at NT show a greatly decreased level of variance. 
This was the period when the ocean-nursery was moved offshore. 
Cross-correlations confirmed the seasonality of monsoon and trade winds at Honiara and 
Munda (Table 5.1), the monsoons peaked around January-February and the trade winds around 
July-August. Wind strength and rainfall also show yearly peaks at Honiara but not at Munda 
although this may be due to the fewer data points available for analysis at the latter site. Re- 
cruitment analyzed by the same method did not show strong yearly cycles. 
Recruitment, monsoon, trade wind and rainfall datasets showed significant first-order 
positive autocorrelations (P < 0.05). Nonseasonal winds and wind strength did not appear 
autocorrelated. Tidal range showed positive first-order autocorrelations and also negative 
autocorrelation of order 3, indicative of a twice yearly cycle. All autocorrelations were removed 
when the data were differenced with the exception of the third-order autocorrelation in the tidal 
data. 
Spectral analysis. Cumulative periodograms of the C.  muricinum datasets from CAC and 
NT confirmed the above findings that data were not serially independent and did not correspond 
to white noise sequences. The same was true for all Munda environmental data with the excep- 
tion of rainfall and northeast winds for which the possibility could not be excluded using this test 
that the data corresponded to sequences of mutually independent variables. ' /  C. rnuricinurn settlement  A 
'  /\  Monsoon winds 
A 
' /  Trade winds  A 
'  Rainfall (Honiara) 
C. muricinum settlement 
Monsoon winds  OP-A 
South winds 
Fig. 5.2. Time-series of monthly C.  muricinum recruitment in floating 
ocean-nursery cages at the Coastal Aquaculture Centre and environ- 
mental parameters measured at Honiara, Solomon Islands. The mini- 
mum valve has been subtracted from each series and the remainder 
normalized such that the series run between zero and one. 
Fig. 5.3. Time-series of monthly C. muricinum recruitment in float- 
ing ocean-nursery cages at Nusatupe and environmental param- 
eters measured at Munda, Solomon Islands. Tidal range is shown 
for Gizo. The minimum value has been subtracted  from each se- 
ries and the remainder normalized such that the series run be- 
tween zero and one. 
Table 5.1. The timing of seasonal weather patterns in Honiara and Munda, Solomon 
Islands over two years from 1990 to 1992. Dates and correlations represent the timing 
and significance of  maxima and minima of phenomena correlated with a yearly cycle. 











July-August  0.700:**  January-February  -0.427:* 
February  0.447*  August  -0.587** 
June  0.582**  December  -0.722** 
March  0.493  August-September  -0.488 
July-August  0.807::*  January-February  -0.754:; 
January  0.606+  July-August  -0.529 
September  0.451  **  April  -0.350"' 
February-March  0.51  6  September  -0.387"' 
*  0.01 < P < 0.05 
" 0.001 < P < 0.01 
"'  p < 0.001 
ns  not significant. Confidence intervals for the periodograms were found to be extremely wide. This result is 
not entirely unexpected as these significance tests are known not to be very powerful unless 
based on a large number of observations and large bandwidth smoothing (Gottman 1981  ; 
Diggle 1990). The width of the confidence intervals warn against too precise an interpretation of 
the estimated spectra. For clarity the confidence intervals are not shown in graphs of the vari- 
ance spectra (Figs. 5.4 and 5.5). 
The results of spectral analysis for the detrended CAC and NT recruitment data are shown 
in Fig. 5.4. The periodograms all show a major peak in the region of 2 cycles.yearl (a period of 
26 weeks). The spectrum of CAC recruitment shows only minor peaks at frequencies above 3 
cycles.year1  (Fig. 5.4A). 
The periodograms for recruitment in three cage types at NT (Fig. 5.4B-D) show a number 
of low frequency peaks up to about 13 cycles,year-l although the number and magnitude of 
these peaks decline with cage type in the order floating > trestle > benthic. All three spectra 
show major peaks at 11 -1  3 
cycles,year-l (4.0-4.5 week period) 
and, to a lesser extent, at 5-6 and 
8-9 cycles.year-l  . 
The effect of detrending the 
original datasets was examined. 
Periodograms of raw data and 
data detrended using third-order 
polynomials gave similar results to 
those presented above except that 
peaks at frequencies of 2 
cycles.year-I or lower were con- 
siderably enhanced. This was due 
to the existence of  long-term 
trends, for the examination of 
which spectral analysis is inappro- 
priate (Diggle 1990). 
Spectra of environmental 
series were generally character- 
ized by high peaks at frequencies 
lower than 2 cycles.year-I  due to 
the presence of long-term trends 
in the datasets (Fig. 5.5). These 
were the most important peaks in 
the case of seasonal winds but 
other winds and rainfall showed 
peaks at 4-22 cycles,year-I  . 
Tidal range at Honiara and 
Gizo showed a relatively clear 
Fig. 5.4. Periodograms of the spectra of weekly recruitment of  C.  muricinum to 
tridacnid ocean-nursery cages in Solomon Islands from 1990 to 1992. Y axes  with a major peak at 24- 
represent spectural density in terms of periodogram ordinates. A: floating cages at  26 cycles.year-l reflecting the clear 
the Coastal Aquaculture Centre, Guadalcanal. B: floating cages at Nusatupe near 
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data and also peaks at 2 and 12-1  3 
cycles year-' reflecting twice-yearly 
and monthly tidal rhythms. Exami- 
nation of the raw data for tidal 
range showed that the variation in 
tidal range over the 2-week cycle 
was less than that for the other two 
cycles. 
Environmental correlates of 
recruitment. Correlations between 
environmental factors at different 
lags and recruitment of C. 
muricinum at the CAC are shown 
in Table 5.2. Rainfall at Munda was 
included as a variable and a new 
variable was created for each wind 
direction consisting of a grouping 
of the incidence at lags of 0, 1 and 
2 months weighted at a ratio of 1 : 
0.5 :  0.25, respectively. This was 
intended to produce a more realis- 
tic measure in the case that wind 
was a transport mediating factor 
during the planktonic life of the 
larvae (several months). 
Significant correlations with 
recruitment at the CAC were found 
for at least one lag of each raw 
time-series tested; positive correla- 
tions with monsoon winds and tidal 
range and negative correlations 
with northeast and trade winds and 
rainfall. The grouped wind data 
Fig. 5.5. Periodograms of the spectra of weekly environmental parameters mea- 
sured at Munda (Gizo in the case of tidal range) in Solomon Islands from 1990 to  also showed significant correla- 
1992. Y axes represent spectral density in terms of  perlodogram ordinates.  tions. The scenario is greatly 
simplified if the differenced time- 
series are considered. The only significant correlations in this case are those of the monsoon 
winds, tidal range lagged by 2 months and rainfall at Munda lagged by 4 months. This last, and 
the grouped monsoon wind data, are deemed highly significant (P < 0.01). 
A similar procedure as above was followed to examine correlations between environmental 
factors and recruitment at NT (Table 5.4). Relatively few significant correlations were found 
especially in the case of the differenced time-series where only two of the 25 were significant; 
the prevalence of south winds and northeast winds lagged by 1 month. 
The raw and differenced data for all correlations examined at NT and CAC were plotted 
graphically and examined for nonlinear relationships, but none were evident. Table  5.2.  Spearman rank correlations between monthly recruitment of 
Cymatium muricinum in floating tridacnid  ocean-nursery cages at the Coastal 
Aquaculture Centre, Solomon Islands and environmental parameters 
measured at Honiara over 24 months from October 1990 to September 
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+  0.05 < P < 0.1 
*  0.01 < P < 0.05 
**  0.001 < P < 0.01 
a  Sum of  wind incidence over months of lag 0,  1, and 2 in a ratio of 
1  :0.5:0.25. 
Path analysis. The construction 
of the Pearson's correlation matrices 
for the path analysis reduced the 
number of degrees of freedom avail- 
able owing to some variables being 
highly lagged. Thus, a usable correla- 
tion matrix was only available for the 
CAC data with 15 degrees of freedom. 
Data from NT showed only one signifi- 
cant correlation with recruitment, that 
of south wind (r = 0.724, p = 0.012), 
but was omitted from analysis having 
fewer than 10 degrees of freedom. 
In the models to be examined it 
was assumed that the effect of winds 
on recruitment would be primarily that 
of larval transport through wind-driven 
currents and so the grouped and 
weighted wind data were used in the 
analysis as described above. 
The correlation matrix for the 
differenced environmental and recruit- 
ment data for the CAC is shown in 
Table 5.3. Not surprisingly, the results 
are similar to those shown in Table 
5.2; the monsoon winds are highly 
correlated with recruitment as is tidal 
range to a lesser extent. Lagged 
rainfall at Honiara and Munda show 
correlations with recruitment, negative 
in the case of 3 and 4 month lags and 
positive in the case of  Honiara rainfall 
lagged by 1 month. This last is a result 
not expected from the Spearman 
correlations (Table 5.2). 
The incidence of monsoon winds 
(northwest) in Munda are included as these may also be expected to influence larval transport 
from this direction. Although a correlation for this variable with recruitment exists, it is smaller 
than the correlation between it and monsoons in Honiara. A number of other correlations be- 
tween environmental variables were observed, notably between monsoon winds, rainfall and 
tidal range. 
Path analysis models were examined and are shown in Table 5.5. Partial correlation coeffi- 
cients are shown for each of the variables contained in each model. These coefficients enable 
the effect of each variable on recruitment to be examined independently of the effects due to the Table 5.3. Matrix of  Pearson correlation coefficients between monthly recruitment of  Cymatium muricinum in floating tridacnid 
ocean-nursery cages at the Coastal Aquaculture Centre, Solomon Islands and environmental parameters measured at Honiara 
from October 1990 to September 1992. Data were detrended using differencing. Number of cases = 17, degrees of freedom = 15. 
Lag  R  RH3  RH1  RM4  TR2  TR3  MM  NEH  TH 
Recruitment 
Rainfall, Honiara  3  -0.512: 
Rainfall, Honiara  1  0.495*  -0.148 
Rainfall, Munda  4  -0.510*  0.103  -0.044 
Tidal range  2  0.600  -0.358  0.471  -0.208* 
Tidal range  3  0.360*  -0.458  -0.005  -0.489  0.175* 
Monsoon, Munda  0+1+2~  0.488  -0.374  0.413  -0.184  0.534  0.490:* 
NE wind, Honiara  0+1+2~ -0.064  0.396  -0.025  0.263  0.012  -0.745  -0.433 
Trade winds, Honiara  0+1  +2a  -0.397*+  0.249+  -0.242**  -0.141  -0.1  96  0.166*  -0.292**  -0.461 
Monsoon, Honiara  0+1+2~  0.643  -0.583  0.647  -0.236  0.430  0.494  0.752  -0.377  -0.369 
0.01 < P < 0.05 
**  0.001 < P < 0.01 
a  Sum of wind incidence over months of  lag 0, 1, and 2 in a ratio of  1:0.5:0.25. 
Table  5.4. Spearman rank correlations between monthly 
recruitment of  Cymatium muricinum in floating tridacnid ocean- 
nursery cages at Nusatupe, Solomon Islands and environmental 
parameters measured at Munda over 12 months from February 
1991 to January 1992. Correlations are shown for the raw time- 
series and for the detrended time-series. 
Lag  Raw time  Differenced 
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Total  1 
Total  2 
Total  3 
Total  4 
Tides (Honiara and Gizo) 
Range 
Range  1 
Range  2 
Range  3 
Range  4 
other variables in the model (Sokal and Rohlf 
1981). Model A shows the effects attributable 
to the prevailing winds. Only the monsoon 
wind has any appreciable effect. Model B 
shows that the effect of  monsoons in Munda 
on recruitment was due entirely to the correla- 
tion of this variable with monsoons in Honiara. 
Model C suggests that rainfall in Honiara 
lagged by 1 and 3 months and in Munda 
lagged by 4 months have an effect on recruit- 
ment. This was examined further in Models D, 
E and F where the effects of  rainfall in 
Honiara appear to be due to correlations with 
monsoon winds but rainfall in Munda lagged 
by 4 months still appears to have an effect. 
This is confirmed again in Models G, H and I 
where a third variable is introduced; tidal 
range. Tidal range appears to have an impor- 
tant effect on recruitment (see also Models J 
and K). 
Most of the models explain more than 
50% of the variability in recruitment (see r2 
values in Table 5.5). The best three-variable 
model is that including monsoon winds at 
Honiara, tidal range and rainfall in Munda 
lagged by 4 months, this accounts for 65% of 
variability. The best two-variable model in- 
cludes only the monsoon and rainfall vari- 
ables, accounting for 55% of  recruitment 
variability. Table 5.5. Partial correlation coefficients and coefficients  of determination (P) of path models relating recruitment of Cymatium muricinum 
in floating tridacnid ocean-nursery cages at the Coastal  Aquaculture Centre, Solomon Islands and environmental parameters measured 
at Honiara over 17 months from 1991 to 1992. Results were calculated using the correlation coefficients estimated for differenced data 
in Table 5.3. The lag of variables is shown in brackets. The coefficient of determination is equivalent to the proportion of the variation 
explained by the variables in the path model. 
Model 





Tidal range (2) 
Rainfall (1) 
Rainfall (3) 
Rain, Munda (4) 
asurn  of wind incidence over months of lag 0, 1, and 2 in a ratio of  1:0.5:0.25. 
5.4 Discussion 
Environmental factors affecting C. muricinum recruitment are the subject of this chapter but 
it is worth bearing in mind other major factors affecting the planktonic larvae and recently settled 
juveniles. This is especially so as these processes will also be influenced to some extent by 
environmental processes. 
Postsettlement processes include predation, active or passive migration and sampling 
error. Ocean-nursery cages are designed to exclude predators (Govan et al. 1993) and by 
concentrating on data from floating cages in this chapter it is hoped that the effect of these 
processes is minimized. 
Planktivorous predators are abundant on coral reefs and predation is considered a major 
cause of  mortality of invertebrate larvae ir) temperate seas (Young and Chia 1987). Presumably 
predation pressure is reduced in the open sea, away from reefs, because many spawning reef 
fish have been shown to release their eggs in locations where they will be carried offshore to 
avoid intense nearshore predation. Hydrographic processes regulate this transport and enable 
the fish to return to shallow water at the end of their larval development (Johannes 1978). 
Environmental Influences on C. muricinum Recruitment 
The environmental factors examined in this chapter were those for which measurements 
are usually available from local meteorological services, namely: wind incidence, rainfall and 
tidal range. 
Wind-driven water movements, seasonal or other currents and tides will be instrumental in 
transporting larvae to suitable settlement habitats (e.g., Johnson and Hester 1989) or areas of 
more abundant food supply (Rumrill 1990). However, these water movements may also be 
related to other processes such as turbulence, mixing and upwelling, which may affect larval 
survival (Bakun 1985; Cury and Roy 1989). Rainfall and associated river discharges may affect larval survival directly by decreasing 
the salinity of confined waters below tolerable limits (Pechenik 1987) or indirectly by increasing 
terrestrial run-off. Increased terrestrial run-off may raise nutrient levels thereby boosting plank- 
tonic productivity but may also increase turbidity with adverse effects on productivity and pelagic 
species (Dalzell 1990). 
Apart from the effects of tides in dispersal and transport of larvae over ocean-nursery 
cages, tidal or lunar cycles may influence spawning in marine invertebrates (Giese and 
Kanatani 1987). In Chapter 4, it was shown that the possibility of a lunar spawning cycle in C. 
muricinum could not be discarded. 
One environmental factor not hitherto mentioned is the presence of suitable habitat for the 
parent stock. Although the larvae of  C. muricinum may survive in the plankton for many months 
it seems reasonable to expect that planktonic densities of these larvae will be increased in the 
vicinity or downstream of  nuclei of parent abundance. Demond (1  957) reports C. muricinum to 
be most abundant in sandy lagoons and seaward reef flats to depths of 50 m (c.f., Chapter 1). 
Such habitat is most abundant in Solomon Islands in Western Province (from Gizo and Munda 
to Marovo) and to a lesser extent Northwest Isabel Province (UNEPIIUCN 1988 and see Fig. 
1.2). 
Exploratory Analyses 
Spectral analyses of  C.  muricinum recruitment in floating cages at the CAC and NT ocean- 
nurseries showed evidence of six-monthly cycles of  recruitment. While little other evidence of 
periodicities was visible for the CAC data, several cycles between 1 and 6 months in period 
were a feature of  recruitment in data for all NT cage types with monthly cycles being the most 
prominent. 
The cut-off or absence of peaks above 12-1  3 cycles.year-I in the NT data suggests peak 
settlement at this frequency (Platt and Denman 1975) and indeed, approximately monthly peaks 
of recruitment were observed in weekly plots of these data in Chapter 4 (Fig. 4.2). 
Monthly and semiannual rhythms are suggestive of tidal and/or lunar periodicities (Giese 
and Katani 1987; Halberg et a1.1987) and peaks at these frequencies in recruitment data are 
matched by peaks in the spectral analysis of tidal range for Honiara and Gizo (Fig. 5.5). 
The spectra of environmental variables such as wind incidence and rainfall from Munda 
present peaks between 2 and 8 cycles,year-I which is the range in which a number of 
periodicities are apparent in the spectra of  NT recruitment, particularly in floating cages (Fig. 
5.4). Supposing that these common periodicities are indicative of a relationship between fluctua- 
tions in these environmental variables and recruitment, the difference in the spectra from differ- 
ent cage types could be explained. The spectrum of  recruitment in benthic cages has fewer and 
smaller peaks between 2 and 8 cycles.year-I than that of floating cages and the spectrum from 
trestle cages shows a pattern intermediate between the two. Wind incidence would be expected 
to have the greatest influence on surface waters where floating cages are located and the least 
influence on benthic cages; trestle cages, being located in midwater, falling somewhere in 
between. 
The overall impression is that variability in recruitment at the CAC is governed by relatively 
few, low-frequency periodicities operating at periods of 6 months or more or by noncyclic fluc- 
tuations. Recruitment at NT is more complex, particularly in floating cages, with several cyclic 
phenomena apparent at periods of  1 month or more. Similar patterns of variability to this have 
been reported for the temporal distribution of tropical zooplankton (Lewis and Boers 1991). The structure of the spectra of these recruitment time-series could arise from a number of 
internal or external mechanisms. If external, environmental, forcing was responsible for the 
structure of the recruitment spectra then, of the variables examined, tidal cycles show the 
clearest association. However, the exploratory nature of the analyses do not permit firm conclu- 
sions in this regard. 
The rank correlation analyses of the relationship between environmental variables and 
recruitment illustrate the risk of finding spurious correlations between strongly autocorrelated 
datasets (Walters and Collie 1988). The large number of significant correlations found among 
the raw datasets were considerably reduced when the data were detrended. Only the correla- 
tions between detrended variables are considered in the discussion below, bearing in mind that 
correlations between differenced datasets are a measure of the association between monthly 
fluctuations rather than absolute quantities (Pepin 1990). 
Four correlations of the 27 performed between lagged environmental variables and C. 
muricinum recruitment at the CAC were found to be significant, two of these at less than the 1  % 
level of significance. This is more than would be expected if the data were random and lends 
support to the significance of these results. 
Variations in monthly tidal range are correlated with fluctuations in recruitment at the CAC 
with a lag of between 2 and 3 months. This result is consistent with the results of the spectral 
analysis discussed above. However, the detrended tidal data showed some evidence of serial 
correlation owing to a 6-month cycle still remaining after first-differencing and this may affect the 
significance of observed correlations. 
Fluctuations in rainfall at Honiara showed little correlation with recruitment at the nearby 
CAC. In contrast, rainfall at Munda showed strong negative correlation with recruitment at the 
CAC with a lag of some 4 months. The incidence of monsoon winds also seems associated with 
recruitment particularly if data from the previous 2 months are included. 
Fewer significant correlations were observed in the case of  recruitment in floating cages at 
NT. Neither tidal range nor rainfall showed significant correlations with recruitment, the only two 
significant correlations being those of the nonseasonal northeast and south winds. Several 
variables showed relatively high, albeit not significant, correlations. This confused picture is 
similar to the spectrum for recruitment in floating cages where variability seemed complex, 
determined by phenomena over a range of different frequencies. 
Environmental Forcing of Recruitment 
A number of possible relationships between recruitment and environmental variables are 
apparent from the exploratory analyses. Rainfall was not found to be positively correlated with 
recruitment but rather showed strong negative correlation with a lag of 4 months at the CAC and 
slight negative correlation at NT lagged by 2 months. This is in contrast to the work of  Heslinga 
et al. (1  990) who found recruitment of  C. muricinum was enhanced some weeks after periods of 
heavy rain. 
The most likely mechanism by which rainfall could affect recruitment in Solomon Islands 
based on the above analyses is through increased river discharges. The main islands are large 
and relatively high and heavy rainfall would be expected to produce significant inputs of fresh- 
water and terrestrial run-off after a certain lag period. These discharges result in a great in- 
crease in turbidity in coastal and enclosed sea areas (pers. obs.) which may hinder larval sur- 
vival or development. Palau is comprised of small islands and terrestrial run-off is presumably much reduced. 
Rainfall may have the effect, as suggested by Heslinga et al. (1990), of slightly increasing 
productivity without greatly increasing turbidity thereby enhancing survival and recruitment of C. 
muricinum. However, rainfall in the tropics is usually seasonal and may be accompanied by 
seasonal winds as is the case with the monsoons in Solomon Islands. Heslinga et al. (1  990) did 
not examine other environmental parameters but it may be the case that the correlation they 
observed was due to seasonal wind or current patterns rather than rainfall itself. 
Recruitment at both Solomon Island sites was strongly correlated with the prevalence of 
certain winds. The fact that this correlation was stronger if the prevalence of the monsoon wind 
over the previous 2 months was included at the CAC and that there was no correlation between 
recruitment and wind strength at Nusatupe suggest that wind affects larval transport rather than 
mixing or turbulence. 
The effect of variation in tidal range is not so clear. At the CAC, recruitment appears to be 
correlated with peaks in tidal range 2-3 months previously. As spectral analysis showed little 
evidence of monthly cycles at the CAC, the correlation with tidal range is probably due to the 
twice-yearly tidal cycle although the possibility that the correlation is due to other phenomena of 
similar frequency cannot be discarded. 
Based on the data from the CAC, the most likely influence of  peaks in tidal range on re- 
cruitment is on spawning or hatching periodicity and/or dispersal of the recently hatched larvae 
from parent reefs. This is not supported by data from NT as no significant correlations between 
tidal range and recruitment were observed, although these may have been masked by the other 
complex processes occurring at similar frequencies as shown by spectral analysis. Correlations 
with the 30-day cycle would not have been picked up as data were lumped into monthly totals. 
A synthesis of the possible effects of the environmental processes on recruitment at the 
CAC may be constructed as follows: 
The obligatory planktonic phase of  C. muricinum larvae may be about 3 months (c.f., 
Chapter 4). Thus environmental factors operating about 3 months prior to recruitment at the 
CAC would be influential. This is the case of tidal range which may be related to hatching and 
dispersal of larvae. Periods of heavy rain prior to hatching would result in adverse nearshore or 
lagoonal conditions for the recently hatched larvae due to increased river discharge over subse- 
quent weeks. 
Recently hatched larvae which had successfully dispersed from their parent reefs drift at 
the mercy of the currents. Particularly high densities of larvae might be expected in the vicinity 
of the complex lagoon systems of Western Province where adult C.  muricinum should be rela- 
tively very abundant. Thus, periods of sustained northwesterly winds such as the monsoons 
might cause significant numbers of these larvae to be transported towards the CAC ocean- 
nursery in Guadalcanal. Other winds such as the northeast or southeasterly winds would tend to 
drive water masses which are relatively poor in C.  muricinum larvae, towards the CAC from the 
open Pacific or from islands with comparatively little suitable habitat for adult C. muricinum. 
A similar model relating environmental processes and recruitment at the NT ocean-nursery 
does not appear applicable. The effect of tides and rainfall on recruitment is not significant and 
few significant correlations are visible overall. 
Analysis of data from NT was hampered by the short datasets available. Other reasons 
why environmental forcing may not be readily apparent at NT may include: i)  environmental data with the exception of tidal range was taken from Munda, some 
40 km distant and located on the south coast of a high island, a very distinct topogra- 
phy from that of  Nusatupe; 
ii)  the systems of lagoons and islands surrounding Munda and Nusatupe are extensive 
and very complex. 
iii)  Nusatupe is in an area where parent stocks of  C. muricinum are expected to be high 
and therefore larval densities may be relatively high most of the time. 
The above suggests that the major influence on recruitment at NT would be that of 
hydrographical factors impinging directly on ocean-nursery cages. These factors, such as 
current direction and strength or local winds, would have to be measured in the ocean-nursery 
itself. 
Walters and Collie (1988) warn about the ease of rationalizing observed correlations be- 
tween environmental variables and recruitment. Their caution is justified as it would have been 
similarly easy to explain other combinations of results in the present study but their recommen- 
dation not to report biological rationalizations unless supported by a variety of independent 
measurements seems too strict for the present case. 
By formulating a model to explain the correlations between environmental factors and 
recruitment observed at the CAC and NT it was possible to discuss mechanisms that could be 
involved to varying extents at these ocean-nurseries and others throughout the Pacific. 
The models tested for recruitment at the CAC and the correlation observed at NT statisti- 
ca!ly explained more than 50% of the recruitment variability. Of course, the acid test of recruit- 
ment-environment correlations is the ability to forecast data not available at the time of the 
original analysis (Shepherd et al. 1984) and this was not possible in the current case. 
Implications for Giant Clam Culture 
This work and that of Heslinga et al. (1  990) suggest that practicable predictors of the timing 
of peaks of  ranellid recruitment may be found at certain ocean-nurseries. For the purposes of 
most tridacnid mariculturists, recruitment of  C. muricinum and other ranellid predators need not 
be predicted with great quantitative accuracy. 
Therefore major ocean-nurseries will probably find it useful, at least initially, to combine the 
collection of  ranellid recruitment data recommended in Chapter 4 with the collection of  basic 
environmental information. If any environmental correlates become apparent within the first few 
years these could be tested subsequently. 
The year-round breeding strategy of these ranellids and the constant background levels of 
recruitment suggest that regular checks for these predators in ocean-nurseries will always be a 
feature of tridacnid culture. Impact of  Cymatium muricinum 
on the Ocean Culture of Tridacnids 
6.1 Introduction 
The success of an aquaculture operation generally depends on optimizing the growth and 
survival rates of the cultured organisms. In this context it is evidently very important to deter- 
mine the causes of poor survival so that effort can be concentrated on the major and/or most 
easily tackled causes, thus maximizing profitability. 
Despite many centuries of experience (e.g., Grizel 1993), predation on commercially 
cultivated molluscs during ocean culture remains one of the major hindrances to successful 
mariculture in many areas of the world (see review by Jory et al. 1984). 
In temperate seas predation is recognized as a critical limiting factor in the culture of mus- 
sels, Mytilus edulis and oysters, Crassostrea spp. (Dare and Edwards 1976; Dare et al. 1983); 
hard clams, Mercenaria mercenaria, soft shell clams, Mya arenaria and Manila clams, 
Venerupis spp. (Gibbons and Blogoslawski 1989) and a number of other species including 
abalone, Haliotis spp. and conchs, Strombus spp. (Jory et al. 1984). Consequently, the preven- 
tion of predation has traditionally constituted a major component of the culture operations 
(Nelson 1931; Davies et al. 1980; Jory et al. 1984). 
Molluscan culture in developing nations, and thus tropical seas, is less documented than 
that in temperate areas. Nevertheless, predation is reported to be a problem in the cultivation of 
oysters, Crassostrea spp. and Saccostrea spp. (Brohmanonda et al. 1988; Littlewood 1991); 
cockles, Anadara granosa (Thamasavate et al. 1988); mussels, Perna spp. (Vakily 1989) and 
juvenile pearl oysters, Pinctada spp. and Pteria penguin (Gervis and Sims 1992). However, in 
most cases the importance of  predation compared to other sources of  mortality is not recorded. 
Ranellid predation has been reported from a number of culture operations of nontridacnid 
bivalves (c.f., Chapter 1) but generally the importance of the losses caused by these predators 
is not estimated. Ranellid predation has been reported as a major problem in the cases of 
Cymatium pileare preying on Crassostrea gigas in the Red Sea (Hughes-Games 1977) and of 
Cymatium spp. preying on Pinctada spp. in Okinawa (Murarrlatsu, pers.comm.). 
Mortality and Predation of Tridacnids in Ocean-nurseries 
Mortality of tridacnid clams cultivated in ocean-nurseries around the Pacific is relatively 
high even at the well-established nurseries of the Micronesian Mariculture Demonstration Centre (MMDC) in Palau and Orpheus Island (OIRS) near Townsville, Queensland (see Fig. 1  .I 
for geographic locations). At the MMDC, mortality of  T derasa juveniles is 25-50% over the 16- 
to 22-month ocean-nursery phase, which starts when clams are 8-9 months old (30-40 mm SL). 
Nearly all of the mortality was attributed to predation by C.  muricinum (Heslinga 1989). 
Barker et al. (1  988) calculated a survival rate of around 40% for juvenile  T: gigas from 6 
months to 3 years old in intertidal ocean-nurseries at OIRS. Mortality was not attributed to 
predation but rather overcrowding, algal overgrowth or gear failure. 
Other, smaller ocean-nurseries invariably report problems with high mortality often attrib- 
uted to predation (c.f., Chapter 1). In American Samoa, mortality of  T: derasa juveniles (80-1  60 
mm SL) was reported to be in the region of 20-30% per year, 45% of which was ascribed to 
predation by C.  muricinum (Ponwith 1990). 
One thousand 13- to 18-month old T: derasa introduced to the Cook Islands suffered 
24.6% mortality in the first 2 months. This mortality was attributed to predation by C.  muricinum 
and exacerbated by an ineffectual maintenance regime (Sims and Howard 1988). 
Over 16% mortality was experienced in a batch of  15-month old T: derasa juveniles (84 
mm mean SL) transferred to Yap, in the Federated States of Micronesia, over the first 6 months. 
This mortality was largely ascribed to C.  muricinum infestations (Perron et al. 1985; Price and 
Fagolimul 1988). 
Mortality of five species of juvenile tridacnids in Central Visayas, Philippines, over periods 
of up to 24 months were between 5 and 100%. Part of this mortality was attributed to various 
predators (Estacion 1988). Up to 90% mortality of juvenile  T: squamosa was observed at an 
ocean-nursery site near Bolinao, Philippines. The causes are not known (Gomez and Belda 
1988) although potential ranellid, buccinid and muricid predators have been found in this area 
(Perio and Belda 1988). 
At most ocean-nurseries, predation by C. muricinum was implicated in the mortality of 
juvenile clams based on the presence of this gastropod in culture cages and the presence of 
dead clams. Virtually no attempts have been made to quantify the contribution of ranellids to the 
mortalities suffered. 
The main problem in assessing the proportion of  mortality due to different predators ap- 
pears to have been the difficulty in establishing the numbers and residence times of predators in 
cages as most culture systems employed did not prevent snails from accessing cages at will 
from the seabed. Snails recovered may not represent the true levels of infestation experienced, 
at night time for instance. 
Clams dying of other causes such as adverse environmental conditions, diseases or ge- 
netic abnormalities may attract scavengers. As discussed in Chapter 4, dead or moribund clams 
may attract C. muricinum which may be assumed to be the cause of death by clam farm opera- 
tors despite the possibility that they are acting merely as scavengers. 
The present study offered a good opportunity to assess the impact of  predatory ranellids 
on cultured T: gigas for several reasons: 
a)  comprehensive records regarding predator collection and clam stocks were available 
for an ocean-nursery, that at Nusatupe; 
b)  most ranellids collected were thought to have settled in the ocean-nursery cages; 
c)  postlarval growth and consumption rates were known for the ranellid species in 
question; and 
d)  the extensive use of floating cages allowed predation owing to ranellids settled in 
culture cages to be examined in a situation where immigration and emigration of these tritons in cages could be considered negligible and losses of clams and juve- 
nile ranellids due to other predators were expected to be greatly reduced. 
Perron et al. (1985) noted that dead or dying clams attract a variety of scavenging organ- 
isms but did not speculate on the potential impact of these animals on clam culture. Govan 
(1  992a) proposed removing scavenging organisms from ocean-nursery cages where possible 
as these animals may compete with ranellids or other predators in the consumption of their prey 
thereby forcing the predators to kill more clams. 
Although competition by gastropods such as Cronia ochrostoma and Nassarius spp. 
(known to scavenge on but not kill, tridacnids, Govan 1994) with predatory ranellids has occa- 
sionally been observed in ocean-nurseries (pers. obs.), evidence for the significant impact of 
such a mechanism is lacking. 
This chapter examines the relationship between mortality of  T: gigas in the Nusatupe 
ocean-nursery and incidence of  C. muricinum and an attempt is made to quantify the clam 
production lost to this predator. The potential consumption rates of  some gastropod scavengers 
is also examined as is the possibility that these animals could account for some of the unex- 
plained losses in clam production. 
6.2 Methods 
Data used in this chapter for the estimation of tridacnid mortality and the impact of C. 
muricinum are those described in Chapter 4 for the Nusatupe ocean-nursery. Records were 
available of the number and size of clams in each cage at censuses carried out at 2- to 3-month 
intervals over 1.5 years from January 1991. Cages for which complete records were not kept, 
dubbed "production cages" by ocean-nursery staff, were omitted from this analysis. Records 
were available of the number and size of  ranellids and the number of other gastropods and 
dead clam shells removed from cages on an approximately daily basis during the same period. 
All the above records were incorporated in a computerized database (DataEase) and 
sorted such that at the date of each three-monthly census the following data were presented for 
each cage: number of clams present in the cage and the difference from that in the previous 
census (clam losses), the number of dead shells recovered since the previous census (dead 
shells recovered), the mean size of clams and the difference of this since the previous census 
(clam growth), number of  C. muricinum and other gastropods recovered since the previous 
census and the time elapsed since the previous census. 
Estimated values were also derived for the following parameters: 
Dry tissue weight of clam losses and of the dead shells recovered. These were calculated 
using the 1ength:weight relationships for  T: gigas shown in Appendix 2. The size of clams used in 
this calculation was the average of the sizes at the previous and present census, a procedure 
which probably underestimates the total weight of  a normally distributed sample because larger 
clams may be expected to contribute relatively more than the smaller clams (Beyer 1987). More 
precise computations given by Beyer (1  987, 1991  ) were not possible as the standard deviations 
of  mean clam sizes were not available. However, as mortality may be expected to be higher 
amongst smaller clams, the mean size of dead clams is probably smaller than that used above, 
a factor which probably causes the total tissue weight of clam losses to be overestimated. Thus, 
although the factors discussed above probably compensate for each other to a certain extent, 
the calculated values only represent rough approximations which are adequate for the pur- 
poses of the present study. Dry tissue weight of  T.  gigas  consumed by juvenile C. muricinum in order to attain the 
sizes recorded on collection from cages. These data together with 95% confidence limits were 
calculated using the results of aquarium-based studies shown in Table 3.8. 
Daily mortality rates. Instantaneous mortality rates were calculated based on clam losses 
and dead shells recovered using an exponential decay function (equation 6.1). 
where "S," is the survival in time period "i", "Z," is the instantaneous mortality rate and "e" is the 
base of natural logarithms. 
All parameters were summed to give an overall impression for the Nusatupe ocean-nursery 
and were also sorted and grouped by cage type and initial clam stocking size to examine the 
effects of these variables. The stocking size intervals (< 15 mm, 15-40 mm, 40-60 mm and 
> 60 mm SL) were set in an attempt to achieve approximately equal numbers of cases in each 
interval. 
In order to examine the relationship between C.  muricinum abundance and clam mortality 
over all censuses the data were analyzed using Spearman's rank correlations as discussed in 
Section 4.2. Because mortality and C. muricinum abundance increase as a function of time it 
was necessary to attempt to reduce the significance of the time element. This was achieved by 
converting all the parameters tested to daily rates. Correlations were calculated for all data 
grouped together and for datasets sorted by cage type and initial clam stocking size. 
The possible impact of gastropod scavengers of dead or dying T: gigas on clam mortality in 
the Nusatupe ocean-nursery was examined. A variety of different gastropods were collected 
from ocean-nursery cages and the most common of these were kept in a variety of static and 
flow-through aquaria for 1-2 weeks and offered mantle tissue of  7: gigas on at least three sepa- 
rate occasions to test their capacity to consume clam carrion. Animals not found to consume 
clam carrion and those found to be predators on 7: gigas are reported in Govan (1994). A simi- 
lar method was employed by I. Lane at Nusatupe who provided the observations concerning 
Mitrella albina, Peristernia ustulata and Vexillum exasperatum. 
The gastropods known to consume clam carrion were removed from ocean-nursery cages 
and counted as part of the routine daily predator removal activities during the final 11 months of 
the experimental period at the Nusatupe ocean-nursery. 
Rank correlation analyses were performed on the data for this 11-month period in order to 
examine the relationship between clam mortality and the presence of scavenging gastropods as 
compared with the abundance of  C.  muricinum. 
Rates of  T: gigas tissue consumption were measured for three species of gastropod scav- 
engers available at the CAC. The protocol followed was that described by Morton (1990a) in a 
similar study of feeding in gastropod scavengers. 
Five groups of five Cronia ochrostoma (mean size = 15.5 mm, mean blotted live weight = 
0.77 g), two groups of five Pyrene scripta (mean size = 9.9 mm, mean weight = 0.43 g) and 
three groups of five F!  turturina (mean size = 10.3 mm, mean weight = 0.49 g) were kept in the 
multichambered flow-through tank described in Section 3.2.  Only adult snails were used. Snails 
were starved for 12 days and then offered pieces of clam mantle previously blotted dry in a 
standard manner and weighed. The experiment ran overnight (1  7 hours) after which the tissue was removed from the 
chambers, reblotted and reweighed. A reduction in weight represented the amount of tissue 
eaten by the snails. To  determine the error due to natural weight loss to (or gain from) the sea- 
water, control mantle tissue was established and tissue variations recorded. Dry weights were 
obtained using the microwave oven drying technique described in Section 3.2. The amount of 
tissue, in terms of dry weight and wet weight, eaten by the snails in a standard time was ob- 
tained. 
6.3 Results 
The total number of clams of all sizes which died or were lost from the Nusatupe ocean- 
nursery are shown in Table 6.1. The clam losses represent the reduction in stock between 
Table 6.1. Mortality of  T: gigas in the experimental ocean-nursery at Nusatupe, 
Solomon Islands. 105,000 clams from 2 to 90 mrn in shell length were placed in 
the ocean-nursery over 18 months. Daily mortality rates are based on clam losses 
in each cage over the 2.5-month period between each stock-taking.  Total numbers 
of the major predator, Cymatium muricinum, collected in the ocean-nursery over 
the 18-month period are shown along with an estimate of  clam tissue which the 
snails would have needed to consume to grow from their size at settlement to their 
size on collection. Numbers in brackets represent the 95% confidence interval of 
this estimate.The proportion  of clam losses in  terms of biomass which is accounted 
for if it is assumed that C. muricinum settled in cages as larvae and consumed only 
T: gigas until collected is given. 
Total clam losses  41,930 
Total dead shells recovered  11,350 
Mean daily mortality rate (%)  0.45 
Estimated dry tissue weight 
of clam losses (g) 
Estimated dry tissue weight 
of dead shells recovered (g) 
Total C. muricinum recovered  3,187 
Estimated dry tissue weight 
of clams consumed by C.  muricinum (g)  586  (427-804) 
Proportion of clam losses accounted for (%)  26  (19-36) 
Proportion of dead shells accounted for (%)  35  (25-47) 
censuses including those clams found as dead shells and clams which disappeared. The large 
number of clams unaccounted for (73% of total losses) is worthy of note. 
Approximately 105,300 clams were stocked in the Nusatupe ocean-nursery, however these 
were stocked at different times throughout the experimental period and at sizes ranging from 2 
to 91 mm in shell length. Thus mortality was calculated as the average of the daily loss rates 
calculated for each cage and each intercensus period (2.5 months on average). This information 
was of value chiefly for comparative purposes. 
In the region of 2.2 kg of clams were lost during the experimental period in terms of dry 
tissue weight and the estimated weight of the dead clams was 1.7 kg. The unaccounted for clam 
losses were far smaller in terms of tissue weight than in terms of numbers, giving the first indi- 
cation that the missing clams were probably smaller than the dead shells retrieved. 
More than 3,000 C.  muricinum were recovered from the cages during the experimental 
period (Table 6.1) and, assuming similar consumption and growth rates to those observed in aquaria, these tritons would have consumed between 0.4 and 0.8 kg of clam tissue (dry weight) 
to have achieved their size at collection. Thus, these tritons could have directly accounted for 
25% of the missing clam biomass and about 33% of the biomass of the dead shells recovered. 
A similar analysis is presented for four different stocking sizes of clam in floating, trestle 
and benthic cages (Tables 6.2a, 6.2b and 6.2c, respectively). Stocking size refers to the size of 
clams in a cage at the beginning of the period from previous census to the current census. As 
would be expected, mortality is highest amongst the smaller clams and is reduced as a function 
of increasing clam size in all three cage types. Comparison of the values given in Tables 6.2a to 
6.2~  for total clam losses and dead shells recovered shows that the large number of clams 
unaccounted for, as noted above, is almost entirely attributable to losses amongst the clams 
smaller than 15 mm SL (2-1  5 mm). 
Table 6.2a. Mortality of  T gigas in floating cages at the experimental ocean-nursery at Nusatupe, Solomon Islands. 
Data are shown for clams grouped into four size ranges representing the initial mean size of the clams during the 
period for which mortality is estimated in each cage. "lnitial number of clams" represents the sum of all clams present 
in each cage at the start of each experimental period. Other parameters are as described in the caption for Table 6.1. 
Size of clams 
Initial number of clams 
Total clam losses 
Total dead shells recovered 
Mean daily mortality rate (%) 
Estimated dry tissue weight 
of clam losses (g) 
Estimated dry tissue weight 
of dead shells recovered (g) 
Total C.  muricinum recovered  242  864  465 
Estimated dry tissue weight 
of clams consumed by C.  muricinum (g)  31  (23-41)  134  (98-180)  124  (89-173)  - 
Proportion of clam losses accounted for (%)  19  (14-26)  45  (33-61)  21  (15-30)  - 
Proportion of dead shells accounted for (%)  100+  (1  64-293)  51  (38-69)  27  (19-37)  - 
Table 6.2b. Mortality of  T gigas in trestle cages at the experimental ocean-nursery at Nusatupe, Solomon Islands. Data are 
shown for clams grouped into four size ranges representing  the initial mean size of the clams during the period for which mortality 
is estimated in each cage. "lnitial number of  clams" represents the sum of all clams present in each cage at the start of each 
experimental period. Other parameters are as described in the caption for Table 6.1. 
Size of clams 
Initial number of clams 
Total clam losses 
Total dead shells recovered 
Mean daily mortality rate (%) 
Estimated dry tissue weight 
of clam losses (g) 
Estimated dry tissue weight 
of dead shells recovered (g) 
Total C.  muricinum recovered  91  667  355  134 
Estimated dry tissue weight 
of clams consumed by C.  muricinum (g)  15  (11-20)  93  (69-126)  85  (62-118)  47  (33-66) 
Proportion of clam losses accounted for(%)  31  (22-41)  35  (23-48)  16  (12-23)  44  (31-61) 
Proportion of dead shells accounted for(%)  loo+  (275-500)  47  (35-64)  25  (18-35)  38  (27-54) Table 6.2~.  Mortality of T gigas in benthic cages at the experimental ocean-nursery at Nusatupe, Solomon Islands. 
Data are shown for clams grouped into four size ranges representing the initial mean size of the clams during the 
period for which mortality is estimated in each cage. "Initial number of  clams" represents the sum of all clams 
present in each cage at the start of each experimental period. Other parameters are as described in the caption 
for Table 6.1. 
Size of clams 
Initial number of clams 
Total clam losses 
Total dead shells recovered 
Mean daily mortality rate (%) 
Estimated dry tissue weight 
of clam losses (g) 
Estimated dry tissue weight 
of dead shells recovered (g) 
Total C.  muricinum recovered 
Estimated dry tissue weight 
of clams consumed by C.  muricinum (g)  - 
Proportion of clam losses accounted for (%)  - 
Proportion of dead shells accounted for (%)  - 
Clams smaller than 15 mm SL are unusually small to be placed in ocean-nurseries (Munro 
et al. 1993) and such small shells could easily be swept out of cages by water movements, alive 
or dead. Small clams are often observed to actively change location inside cages or tanks by 
crawling with the foot (pers. obs.) and such clams may fall out of cages. Furthermore, even very 
occasional incursions by mobile predators such as fish or crabs would be expected to take an 
extremely high toll in terms of numbers of these clams. For these reasons the data pertaining to 
this size range are not considered further. 
The estimates of tissue weight lost and consumed (Tables 6.2a to 6.2~)  show a trend in 
which C.  muricinum from floating cages could have accounted for up to 51  % of the clam mortal- 
ity in terms of biomass, while this figure is reduced in trestle cages and further reduced in 
benthic cages where C. muricinum consumption was only in the region of 20% of clam losses. A 
similar trend is observed with increasing clam sizes in each cage type except benthic cages. 
Consumption was about 50% of the tissue corresponding to dead clams recovered in the 15-40 
mm size range at stocking, whereas this was considerably reduced for clams larger than 40 
mm. 
Clam mortality, measured as dead shells retrieved, is correlated at a high level of signifi- 
cance with the presence of  C. muricinum both in terms of numbers and tissue weight consumed 
(Table 6.3). Clam losses, however, are not so highly correlated with the presence of  C. 
muricinum, a fact probably due to these losses being caused by migration or other factors as 
mentioned above. 
Table 6.4 gives a breakdown of correlations between C.  muricinum and clam mortality for 
each cage type and three ranges of stocking size. The number of degrees of freedom for the 
data grouped by cage type and clam size varies between 5 and 33 with only the data for benthic 
cages having less than 10 degrees of freedom. Thus the relative values of  rs may only be com- 
pared for data pertaining to the same clam size and cage type and not between groups. Several 
trends are apparent, however; mortality in trestle cages tends to be more highly correlated with Table 6.3. Spearman rankcorrelations between C. muricinum recovered  from cages 
at the Nusatupe ocean-nursery expressed as either daily abundance or estimated 
daily tissue consumption and mortality of juvenile  T. gigas. Mortality is presented 
in terms of the reduction of clam numbers between stock-takings in each cage or 
in terms of  number of dead shells recovered in the same period divided by the 
length of the period. Only data from cages in which clams were stocked at a size 
greater than 15 mm are included, a total of  144 cases. With one exception, all 
correlation coefficients are significant at P < 0.0001. 
Daily clam losses 
(as % of initial stock)  0.467  0.233' 
Daily dead shells recovered 
(as % of initial stock)  0.712  0.542 
Estimated dry tissue weight 
of clam losses (glday)  0.528  0.473 
Estimated dry tissue weight 
of dead shells recovered (glday)  0.641  0.623 
A:  C. muricinum recoveredlday. 
B: Estimated dry tissue weight of clams consumed by C. muricinum,day-' 
1  :  P = 0.003 
Table 6.4. Spearman rank correlations between C.  muricinum recovered from floating, trestle and benthic 
cages at the Nusatupe ocean-nursery and clam mortality in terms of dead shells recovered. The impact of 
C.  muricinum is expressed as total C.  muricinum recovered per cagelday between stock-takes (A) and 
estimated dry tissue weight of clams consumed by C.  muricinumlday between stock-takes (6). Data are 
shown for clams grouped into three size ranges representing the initial mean size of the clams during 
each period for which mortality is estimated. 
Size of clams 
Floatina caaes 
Daily dead shells recovered'  0.79*  0.68*  0.38"'  0.33"'  - 
Estimated dry tissue weight 
of dead shells recovered2  0.60*  0.66*  0.55  0.60* 
Trestle caaes 
Daily dead shells recoveredi  0.54*  0.35"  047*  0.40  0.44"'  0.38"' 
Estimated dry tissue weight 
of dead shells recovered2  0.81'  0.72*  0.56*  0.5T  0.48  0.46"' 
Benthic caaes 
Daily dead shells recoveredi  0.86  0.93*  0.60"'  0.21"'  0.78  0.87* 
Estimated dry tissue weight 
of dead shells recovered2  0.89  0.86  O.6Ons  O.3Ons  0.80'  0.95* 
--  - 
1:  Calculated as number of dead shells collected from each cage between stock-takes as a % of  initial 
stockldays between stock-takes. 
2:  Calculated as estimated tissue weight of  the dead shells from  1 abovelnumber of  days between 
censuses.-: Not available. 
ns: Not significant at P > 0.05  - 
*:  P < 0.01 
numbers of  C. muricinum recovered than with the biomass that these tritons were estimated to 
consume but mortality in floating cages shows highest correlations between the estimated 
tissue weight of  dead shells and the estimated triton consumption. The results from benthic 
cages are not so clear but this may be due to the small datasets involved. 
Gastropods collected from the ocean-nursery, and which were observed to consume dead 
clam tissue, are listed in Table 6.5. These gastropods were generally most abundant in benthic cages and to a lesser extent in trestle cages, some were also found in floating cages. The most 
common scavengers were the muricids Cronia margariticola and Muricodrupa fiscella and the 
columbellids Pyrene turturina and f?  scripta although other snails from these families and the 
Nassariidae, Costellariidae and Fasciolariidae were also found. These snails were all relatively 
small and, with the possible exception of floating cages, were able to enter and leave cages at 
will. Therefore the counts of scavenging gastropods are more indicative of frequency of access 
to cages of these animals than of total numbers. 
Correlations between the total abundance of all scavenging gastropods and clam mortality 
in the ocean-nursery are lowest in the case of floating cages and highest in benthic cages. 
Table 6.5. Gastropods collected from floating (Flo), trestle (Tre) and benthic (Ben) cages in the Nusatupe ocean- 
nursery which were observed to scavenge dead  T: gigas. Snails were collected over a period of  341 days and 












Total collected  Total m-2 
Flo  Tre  Ben  Flo  Tre  Ben 
Totals  230  1,334  748  21.2  27.3  90.2 
Table 6.6. Spearman rank correlations between numbers of gastropods known 
to scavenge clam tissue and dead clam shells recovered in the Nusatupe ocean- 
nursery over 341 days. Data from the periods between stock-takes for  each 
cage were  converted to daily rates by dividing by the length of  the period in 
days. Data are shown for clams grouped into three size ranges representing the 
initial mean slze of  the clams during each period for which collections were 
made. 
Size of clams 
15-40 mm  40-60 mm  >60 mm 
Floating cages 
C. muricinum recoveredlday 
Other gastropods recoveredlday 
Number of cases 
Trestle cages 
C. muricinum recoveredlday 
Other gastropods recoveredlday 
Number of cases 
Benthic cages 
C.  muricinum recoveredlday 
Other gastropods recoveredlday 
Number of cases 
nc:  Not calculated owing to insufficient number of cases 
ns:  Not statistically significant (P>0.05) 
*:  Significant at 0.05 > P > 0.01 
**.  .  Significant at P < 0.01 Table 6.7. Consumption rates of  three species of  gastropod 
scavengers: Cronia ochrostoma (mean size = 15.5mm, mean 
live weight = 770 mg),  Pyrene turfurina (mean size = 10.3 
mm, mean live weight = 490 mg) and P  scripta (mean size = 
9.9 mm, mean live weight = 430 mg). Scavengers  were offered 
mantle tissue of  Tridacna gigas over  17 hours. An asterisk 
indicates samples that were not constantly available to snails 
due to floatation. See text for more details. 
Consumption/snail/hour 
(mg) 
Species  n  dry weight  wet weight 
C.  ochrostoma 
C. ochrostoma 
C.  ochrostoma 
C.  ochrostoma 




t?  scripta 
t?  scripta 
Correlations also tend to increase with in- 
creased clam size (Table 6.6). 
An estimate of the amount of tissue 
consumed by three species of gastropod 
scavenger is shown in Table 6.7. While deter- 
mining the consumption rates of these scaven- 
gers, control clam tissue was found to increase 
in wet weight (presumably due to the absorp- 
tion of water) and decrease in dry weight 
compared to tissue dried immediately (presum- 
ably due to decomposition and leaching). The 
figures shown in Table 6.7 are corrected for 
these variations. 
The consumption figures may represent 
underestimates as the size of the pieces of 
tissue were too small to allow easy access by 
all snails in a compartment at the same time 
and in three instances tissue was observed to 
float to the surface of compartments at the end 
of the experiment due to the presence of gas bubbles. 
Groups of five C.  ochrostoma were capable of consuming up to 35 mg dry weight (DW) of 
tissue over the 17-hour test period and the smaller Pyrene species up to 11 mg DW. To put this 
in perspective, 35 mg DW of clam tissue is approximately equivalent to that of one 24-mm SL 
clam. 
6.4 Discussion 
Mortality of  T: gigas smaller than 15 mm in shell length at the Nusatupe ocean-nursery is in 
general very high. Clams as small as 2 mm were placed in floating cages as part of innovative 
attempts to reduce the period during which such clams must remain in land-based tanks (Munro 
et al. 1993). Mortality of clams of this size is also relatively high in tanks (Munro et al. 1993) and 
considering the small numbers of  C.  muricinum and dead shells recovered it is likely that causes 
other than ranellid predation were responsible such as disease, overcrowding or, most likely, 
escape from the cages. Mortality of clams smaller than 15 mm SL in these experiments is not 
considered further. 
Migration from cages and miscounts are probably the reasons for the discrepancy between 
estimated clam losses and numbers of dead shells recovered (c.f., Table 6.2). Dead shells 
probably provide a clearer indicator of predation-related mortality in cage culture. 
Comparisons with survival rates achieved at other ocean-nurseries in the region are not 
straightforward owing to differences in husbandry techniques, such as stocking size and species 
cultivated. Based on mortality rates in Table 6.2 and an average growth rate of 5 mm.month-' 
(Munro et al. 1993) it appears that 35% survival could be achieved 2 years after stocking with 
15-mm clams or 50% survival if 40-mm clams are used. These estimates are comparable to 
values of 50-75% obtained at MMDC using T derasa stocked at 30-40 mm over less than 2 
years (Heslinga 1989) and of 40% for  T: gigas stocked at a similar size but over 2.5 years at 
OlRS (Barker et al. 1988). met: 
i) 





As a first step in determining the impact of  C.  muricinum on  T: gigas production at the 
Nusatupe ocean-nursery the amount of clam tissue consumed by the tritons in order to attain 
their size on collection was calculated. This approach relies on the following assumptions being 
C. muricinum have spent their entire postlarval lives in the cage from which they 
were collected. In Chapter 4, this was concluded to be the case for virtually all C. 
muricinum collected at Nusatupe and especially those from floating cages. 
Consumption and growth rates of  C.  muricinum in ocean-nursery cages are similar to 
those observed under laboratory conditions. No independent estimates regarding 
consumption rates are available although evidence was presented in Chapter 4 
suggesting that the growth rate of  C.  muricinum in cages at Nusatupe was similar to 
that observed in aquaria. 
C. muricinum in the ocean-nursery cages at Nusatupe consume only the cultured T: 
gigas and not other organisms present in cages. Relatively few wild organisms were 
recovered from clam cages with the possible exception of periodic settlement of 
fouling pearl oysters, Pinctada maculata, in floating cages. However, results from 
Chapter 2 suggest that  T: gigas was the preferred prey of  C.  muricinum, compared 
with these oysters and other commonly occurring animals. 
C. muricinum kill each clam attacked. It is possible that small tritons feed on T: gigas 
in ocean-nurseries but do not kill them before being removed or moving on to other 
clams. This would result in a loss of production but not necessarily increased mortal- 
ity. Based on the work presented in Chapter 3 this sort of behavior seems unlikely 
and the size of most of the tritons collected was sufficiently large to account for the 
consumption of several clams from the cages from which they were collected. How- 
ever, in some cases more than one small C.  muricinum may feed on the same clam 
with the reduced effects on mortality described above. 
C. muricinum consume the whole of each clam attacked. As soon as the feeding 
activities of a C.  muricinum seriously weaken or kill the prey clam this will be attrac- 
tive and vulnerable to scavenging organisms which may compete to consume the 
clam tissue. Dead clams become byssally detached and may represent too unstable 
a habitat for the tritons to cope with, especially in floating cages. Such processes 
would tend to result in an underestimate of the clam mortality associated with the 
presence of C.  muricinum. 
Most C. muricinum occurring in the ocean-nursery cages are collected. Possible 
reasons why C.  muricinum may not be collected from the ocean-nursery examined in 
Chapter 4 were the precollection loss of tritons due to migration (active or passive) or 
predation and difficulties experienced by staff in locating all tritons in certain cages. 
These processes are deemed more likely to occur in benthic and, to a lesser extent, 
in trestle cages; although they were thought not to be important, with the possible 
exception of predation on juvenile C.  muricinum. Underestimation of the numbers of 
C.  muricinum occurring in the ocean-nursery would obviously result in an underesti- 
mate of the clam mortality associated with this species. 
From the above it appears that estimation of the amounts of clam tissue consumed by the 
C.  muricinum collected from the Nusatupe ocean-nursery may be expected to provide a useful 
measure of the contribution of these tritons to losses in clam production although this measure 
may constitute an underestimate. The reliability of the method may be reduced in cages mare closely associated with the seabed. Low numbers of other ranellids were collected at Nusatupe 
and as the abundance of these was correlated with that of  C.  muricinum other ranellids were not 
considered in the analysis. 
In floating and trestle cages C.  muricinum consumption would appear to be the major 
cause of mortality in clams between 15 and 40 mm SL at Nusatupe. However, tissue consump- 
tion by C.  muricinum would only account for 25-38% of dead shells of larger clams in these 
cages and 17-24% of dead shells of all sizes in benthic cages. This raises the question of 
whether C.  muricinum has indeed less impact on the mortality of these clams or whether pro- 
cesses described in v) and vi) above come into play. 
Larger sizes of juvenile  T: gigas protected by cages are expected to suffer little predator- 
related mortality with the exception of that caused by ranellids (Govan 1992a; Govan 1994). The 
fact that insignificant numbers of predators other than ranellids were collected from cages 
containing larger clams or benthic cages in general warrants an examination of the possibility 
that scavenging organisms contribute to mortality caused by ranellids. 
It seems reasonable to suppose that the effect of scavengers would be most noticeable in 
cases where C.  muricinum attack larger clams as these will take a long time to consume, giving 
scavengers a better chance of detecting and finding the moribund clam. Also, cages located 
close to the seabed would be expected to afford greater ease of access to these scavenging 
organisms. These suppositions could explain the relatively low impact of  C.  muricinum esti- 
mated for larger clams and benthic cages. 
One would expect mortality in terms of the estimated biomass of dead shells recovered to 
be correlated more highly with the estimated biomass consumed by C.  muricinum than with the 
numbers of  C. muricinum collected, only if this triton was chiefly responsible for the consump- 
tion of the dead clams. 
Supposing the main effect of C.  muricinum infestation was the killing or weakening of 
clams which were subsequently consumed by scavengers, the abundance of C.  muricinum may 
be expected to bear more relation to clam mortality than the amount this species was estimated 
to consume. This would be reflected by greater correlations between clam mortality (particularly 
number of dead shells) and numbers of  C.  muricinum collected than with consumption. 
Table 6.4 reflects the scenario depicted above as well as showing high correlations be- 
tween C.  muricinum infestations and clam mortality in general. In floating cages the salient 
correlations are between estimates of dead clam biomass and C.  muricinum consumption 
whereas the salient correlations in trestle cages are with numbers of  C.  muricinum collected. 
The situation is not so clear in benthic cages but this may reflect the reduced datasets available, 
greater precollection losses of  C.  muricinum or the effects of other benthic predators on the 
smaller clams. Such benthic predators may include adult ranellids which may hide on the sea- 
bed during the day and attack clams in benthic cages nocturnally (c.f., Chapter 2) thus account- 
ing for their absence in the routine, daytime, collections. 
Further evidence supporting the hypothesis linking the activities of scavenging organisms 
to the impact of  C. muricinum predation on cultured T: gigas is provided in the form of correla- 
tions between numbers of scavenging gastropods recovered and clam mortality (Table 6.6). 
Whereas these correlations are insignificant in floating cages they are generally high in trestle 
and benthic cages and in three cases out of four are higher than the correlation between mortal- 
ity of  larger clams and C.  muricinum abundance. It is appropriate, however, to exercise the 
usual caution when interpreting correlations as cause-effect relationships (Sokal and Rohlf 
1981). Increased clam mortality, whether scavenger mediated or not, may have the effect of 
attracting more scavengers. The scavenging organisms collected during this study were all gastropods, probably owing 
to their relatively low mobility. More mobile scavengers such as fish and crustaceans are possi- 
bly abundant in cages but will rarely be collected as they are fast and probably nocturnal in habit 
(I. Lane, pers. comm.). Nevertheless these scavengers are probably also more abundant near 
the seabed. 
Scavenging gastropods were collected far more frequently from benthic cages, as might be 
expected, but small numbers were also found in floating cages. Examination of these snails 
suggested that most may have settled in the floating cages during their larval phase but the 
possibility exists that some of the larger snails managed to find their way up the mooring ropes 
of these cages (about 5 m in length). However, once in the cages these snails were virtually 
trapped and may overrepresent the incidence of these snails in floating cages compared to 
cages of easier access such as those on trestles. 
The consumption rates of the scavenging gastropods Pyrene scripta, /?  turturina and 
Cronia ochrostoma are in the range of  1-7% of total wet body weight per day which was found 
for adult ranellids in Chapter 3 and also suggested by Morton (1  986) to be generally characteris- 
tic of predatory gastropods under ideal feeding conditions. Specifically, the two species of 
Pyrene consumed 3-4% of their blotted live weights calculated on a daily basis and C. 
ochrostoma consumed 5-6%. 
Morton (1  990a) studied the consumption rate of the intertidal scavenging gastropod 
Nassarius festivus in Hong Kong and found that individuals 10 mm in length consumed about 
0.78 mg wet weight of fish carrion.hour-I while 15 mm individuals consumed 1.75 mg.hour-I. 
Although not strictly comparable, owing to the use of clam mantle as carrion, these rates are 
similar to those of the two species of  Pyrene (9-10 mm in length) which consumed 0.66 mg wet 
weighthour-' and of  C.  ochrostoma (1  5.5 mm mean size) which consumed 1.84 mg,hour-I. 
Nassariid and buccinid scavengers have been shown to be acutely sensitive to chemical 
stimuli emanating from food. These stimuli are used to locate the food rapidly rather than the 
slower and more laborious process of foraging (c.f., Morton 1990a). It is reasonable to expect 
that gastropods found in the Nusatupe ocean-nursery which rely heavily on carrion in their diet 
will be equally adept at locating food and it is likely that dying clams in benthic and trestle cages 
are rapidly infested with scavengers. Personal observation suggests that such activity takes 
place mostly at night. 
Based on C. muricinum consumption rates estimated in Chapter 3 and those calculated for 
three species of scavenger in this chapter it is apparent that relatively small numbers of scav- 
enging gastropods could easily double or triple the impact of  ranellid predators in terms of 
biomass consumed. 
For example, a recently settled C.  muricinum may consume approximately 1 mg dry weight 
of clam tissue in a night and 10 and 15 mm specimens may consume, respectively, 8.4 and 11.4 
mg in the same period. By comparison, a group of five 10-mm Pyrene turturina may consume 
7.8 mg in a night and a group of five 15-mm Cronia ochrostorna may consume 24.7 mg. Larger 
gastropods present in the ocean-nursery which are capable of scavenging, such as Cronia 
margariticola and Muricodrupa fiscella, would have an even greater impact. 
Implications for Giant Clam Culture 
Examination of clam mortality and C. muricinum infestation rates in floating cages allows 
the impact of this triton to be studied in conditions where other predators and competitors of C. 
muricinum are greatly reduced. Most mortality in floating cages at the Nusatupe ocean-nursery appears to be directly attributable to C.  muricinum infestation in the case of  T: gigas smaller 
than 40 mm SL. Somewhat circumstantial evidence suggests that this triton also causes most of 
the mortality of larger clams and in clams in other cage types although much of the tissue may 
actually be consumed by scavengers. 
Mortality rates at the Nusatupe ocean-nursery are similar to others reported in ocean- 
nurseries in the Pacific region. With the exception of one ocean-nursery (Orpheus Island), 
ranellids are reported to be found in ocean-nursery cages at these sites and the present results 
support suggestions that tritons of the genus Cymatium are the principal predators (c.f., Perron 
et al. 1985; Price and Fagolimul 1988; Sims and Howard 1988; Ponwith 1990; Govan 1994). 
The results raise a further worry for clam farmers. Attempts to control ranellid predators 
need to be complemented by the control of scavenging organisms by, for example, limiting the 
access of scavengers to ocean-nursery cages and removing all animals that are not exclusively 
herbivorous, as suggested by Govan (1  992a). Prospects for the Control of Ranellid 
Predation on Cultured Tridacnids 
7.1 Introduction 
More than fifteen years of  intensive research into tridacnid mariculture technology are 
beginning to bear fruit in the appearance of numerous experimental and even a few semi- 
commercial and commercial giant clam farms throughout the South Pacific (Copland and Lucas 
1988; Fitt 1993a, Tisdell et al. 1993). This progress has been accompanied by many technologi- 
cal advances particularly in hatchery and land-based nursery procedures (c.f., Braley 1993) and 
ocean-nursery design (e.g., Munro et al. 1993). 
Virtually no advances have been made in the methods employed to control ranellid preda- 
tors of ocean-nursery clams since Perron et al. (1985) first advocated manual removal of the 
tritons (Govan 1992a, but see Govan et al. 1993). Recent economic analyses of giant clam 
farming suggest that the high cost of hatchery-produced clam seed and the high mortality 
experienced in ocean-nurseries represent the greatest constraints to the economic viability of 
tridacnid farming systems (Hambrey and Gervis 1993; Tisdell and Tacconi 1993). Work pre- 
sented in Chapter 6 showed that a major proportion of the mortality experienced in Solomon 
Island ocean-nurseries was caused by ranellid predation and suggested that a similar scenario 
probably exists in other ocean-nurseries. 
Survival of ocean-nursery clams could obviously be greatly enhanced if more effective 
means of ranellid control could be developed (Hambrey and Gervis 1993). Methods of ranellid 
control may be classed into the following broad areas: manual collection, exclusion and isola- 
tion, features of clam deployment (location and timing), chemical control and biological control. 
Most of these areas have been examined to some extent in this work or by previous authors 
with the exception of chemical and biological control. 
In this concluding chapter actual and potential methods of control are discussed in the light 
of present knowledge of the biology of  Cymatium spp. and experimental results regarding 
potential biological control agents are presented. 
Ranellid Predation of Cultured Tridacnids: A Dual Problem 
The ocean culture of tridacnid clams is affected by two overlapping forms of  ranellid preda- 
tion as discussed in Chapter 2: 
i)  Predation caused by postlarval and juvenile ranellids which enter cages as plank- 
tonic larvae. 
113 ii)  Predation caused by adult or subadult ranellids generally entering cages from the 
surrounding seabed. 
The two forms of predation may overlap because tritons entering cages as larvae may 
rapidly grow to adult size if not detected and removed by clam farmers. 
In this chapter these two forms of predation will be referred to as postlarval and adult 
according to the size of the triton when predation takes place. It is very important for clam 
farmers to distinguish between the two forms as they require different control methods (c.f., 
Govan et al. 1993). For instance, Heslinga et al. (1  990) suggested that the use of off-bottom 
culture for tridacnids was not cost-effective owing to the capacity of ranellids to settle in cages at 
any depth. But Govan et al. (1  993) found that the use of trestles to raise cages above the sea- 
bed reduced the incidence of adult ranellids and increased the survival of cultured tridacnids in 
Western Samoa. 
Predation by postlarval ranellids is characterized by the small size and thin shells of the 
tritons which makes them difficult to detect but relatively vulnerable. These tritons may take 
refuge within the clams' valves and their feeding activities are almost parasitic although they 
usually seriously debilitate or kill their juvenile tridacnid prey. Postlarval ranellids are virtually 
impossible to exclude from cages and have very high consumption rates for their size. 
Adult ranellids are relatively large and thick-shelled and are capable of killing juvenile clams 
very rapidly. These tritons appear to detect clams at some distance and enter cages from the 
surrounding seabed but may be excluded from cages by small aperture meshes or off-bottom 
culture techniques. 
Biological Control in Bivalve Culture 
Biological control of agricultural pests is receiving ever more attention and is clearly an 
attractive option both in terms of efficacy and reduced environmental impact. However, there are 
few records of the use of biological control agents (BCAs) in molluscan mariculture and most 
attempts have proven unsuccessful (Jory et al. 1984; Gibbons and Blogoslawski 1989). 
Biological control of algal fouling in suspended culture of oysters has been successfully 
achieved using littorinid snails (Hidu et al. 1981). Toadfish, Opsanus tau (family Batrachoididae), 
have been used successfully to reduce crab predation on juvenile hard clams, Mercenaria 
mercenaria, in tray culture in Virginia, USA (Gibbons and Castagna 1985; Bisker and Castagna 
1  989). 
Algal fouling is routinely controlled using a variety of fish and gastropods in both land- 
based (Heslinga et al. 1990; Govan 1992c; Bra!ey 1993) and ocean-nursery culture (Munro et 
al. 1993) of tridacnid clams. Pyramidellid parasites are controlled in land-based nurseries in 
Netherlands Antilles using spiny lobsters (J.L. Munro, pers. comm.) and wrasse in Guam (R. 
Myers, pers. comm.). These same gastropod parasites are thought to be controlled naturally by 
benthic predators (probably crustaceans) in the ocean-nursery at Orpheus Island (Cumming 
1988; Lucas et al. 1988). So far there are no records of biological control of tridacnid predators 
in giant clam ocean-nurseries. 
The present study concentrated on selecting possible BCA candidates as a first step 
towards the development of methods of  biological control of ranellid predators. Selected organ- 
isms were then screened for predatory behavior towards ranellids or juvenile tridacnids in 
aquaria. Selection of Potential Biological Control Agents 
of Ranellid Predators of Tridacnids 
The following criteria were developed for the selection of BCAs to be used in giant clam 
ocean-nurseries: 
1.  Availability. Organisms must be readily available in sufficient quantities for commer- 
cial clam farming, either by collection from the wild or through culture. 
2.  Specificity. Potential BCAs must consume or deter the target predators without 
negative impact on the cultured clams. 
3.  Ease of handling. The potential BCAs must be easy to manipulate and contain within 
clam cages. 
Following these criteria the search for potential BCAs at the CAC could be narrowed down 
to gastropods and crustaceans (hermit crabs in particular) as these organisms were common 
and easily handled. 
Gastropods. References used to gain a general understanding of the diets of tropical 
Pacific gastropods included: Paine (1  963); Taylor (1  978, 1984, 1986); Kilburn and Rippey (1  982) 
and Reichelt and Kohn (1  985). Neogastropod families contain members with highly specialized 
diets and attention was focused primarily on members of the Buccinidae, Conidae, and 
Fasciolariidae as well as common species from other families for which dietary preferences 
were not known. Promising but rare families at the CAC such as Olividae, Marginellidae and 
Volutidae could not be examined. 
Crustaceans. Most decapod crustaceans are capable of carnivory and there is little rigid 
specificity in the diet of decapods (Barnes 1980). Many of the common decapods at the CAC 
have been found to kill juvenile  Tridacna gigas (Govan 1994). The principal factor determining 
the decapod's capacity to kill juvenile clams is usually the relative sizes of the clam's shell and 
the crab's chelae (e.g., Dare et al. 1983) although this does not apply to crabs such as portunids 
that may attack through the valve gape or byssal orifice. 
Based on these factors only decapods with relatively small chelae were screened as poten- 
tial BCAs and their potential prey limited to juvenile Cymatium. Tests also had to be carried out 
to determine the maximum size of clam vulnerable to these decapods. The easiest decapods to 
handle and restrain were hermit crabs due to the relatively large bulk of their gastropod shells. 
Other promising crustacean candidates not tested owing to lack of availability were spiny 
lobsters (Paniluridae), callapid crabs and stomatopods (Gonodactylus spp.). Spiny lobsters are 
known to be important predators of gastropods and tropical callapid crabs are reported to be 
specialized predators on gastropods (Vermeij 1978). Gonodactylus chiragra shows promise 
because its method of  preying on juvenile  T: gigas (cracking the shell with sharp blows from its 
modified chelae) is clearly limited to small clams (up to about 12 mm, Govan 1994) but liable to 
be effective against relatively large tritons. Also this species builds nests and is likely to be 
territorial and easy to confine in clam cages. 
7.2 Methods 
All organisms to be tested as potential BCAs were collected from the fringir?g  reef near the 
CAC. Prey Cymatium spp. were collected from floating cages at the CAC. Screening of Biological Control Agents 
The predatory activity of  potential BCAs on ranellids were examined in 2.5-1 static aquaria 
provided with aeration. Complete water changes were performed three times every week. 
Depending on availability, test organisms were exposed to a size range of  Cymatium muricinum, 
C. aquatile, C.  pileare or the locally abundant cerithiid gastropod Cerithium tesellatus. Con- 
sumed prey were replaced. C. nicobaricum was not used as prey as this species is capable of 
consuming gastropods (c.f., Chapter 2). If it was not already known whether a potential BCA 
was capable of preying on juvenile tridacnids (c.f., Govan 1994) then these organisms were 
confined in aquaria with juvenile  T gigas over a period of at least 1 week and observed. 
Small-scale Trials 
Trials were performed in circular land-based nursery tanks (1,500 1).  Equal numbers of 7: 
gigas (1  5-55 mm SL) were confined in 32 x 32 x 14 cm cages with cement bases. The cage 
mesh was rectangular  (12 x 25 mm). Ten C. muricinum snails of 26 mm maximum size were 
introduced into the tank (larger tritons would not have been able to get through the cage mesh). 
In the first experiment five cages contained an individual Conus textile and five cages 
served as controls over a period of 2 weeks. Mortality of clams and C. muricinum was moni- 
tored and dead animals were replaced. The experiment was repeated using three cages con- 
taining Pleuroploca filamentosa and three controls over a period of 3 weeks. 
The results of these trials were analyzed using the nonparametric Mann-Whitney U test 
(Sprent 1993) in the Statistix 4 suite of programs (Analytical Software 1991). 
In order to examine interactions between BCAs and ranellids more closely, four cages 
containing equal numbers of  clams were suspended in nursery tanks with continually running 
seawater. Two individuals of D.  lagopodes previously observed to consume Cymatium spp. 
were introduced into each of  two cages. Small Cymatium spp. were introduced into all four 
cages. The same procedure was repeated with F!  filamentosa as a BCA but using two size 
ranges of  Cymatium spp. Cages were examined at frequent intervals during the day and dead 
animals were removed and replaced with live ones. 
7.3 Results 
A problem throughout all experiments was a shortage of potential BCAs and prey 
Cymatium spp. Only one or two individuals of most potential BCAs were obtained and tested. 
There was some indication, especially in the small-scale trials that handling of the test organ- 
isms disturbed them sufficiently to affect their behavior for up to 1 week, some results may be 
affected by this bias. 
Screening of Biological Control Agents 
Results of the screening of  BCAs are shown in Table 7.1. The gastropods Conus textile 
and Pleuroploca filamentosa consumed large numbers of gastropods and Conus marmoreus, 
Latirus lanceolatus and Peristernia ustulata also consumed test prey but to a lesser extent. 
None of the gastropods screened were observed to consume  T: gigas. Table 7.1. Gastropods and  crustaceans  screened as  possible biological control agents (BCA)  for  gastropod  predators  of  juvenile 
tridacnids. Average individual daily consumption is shown for comparative purposes. Test prey organisms were Cymatium muricinum 
(Cm),  C. aquatile (Ca),  C. pileare (Cp)  and  Cerithium tesselatus (Ct). 
BC A  Prey 
Species 
Days  Indi-  Test  Number  Size  Mean con- 
Size(mm)  tested  viduals  prey  consumed  range(mm)  sumption 
Gastropoda 
Bursa sp. 
Conus cf. imperialis 
Conus cf. lividus 











Peristernia cf. nassatula 
Peristernia  ustulata 
Pleuroploca  filamentosa 
Pleuroploca  filamentosa 








The hermit crab Dardanus lagopodes consumed juvenile Cymatium spp. up to 22 mm in 
length. Table 7.2 shows the maximum size of ranellid consumed by each individual D. 
lagopodes tested as well as the smallest size of  ranellid not consumed. The size of ranellid 
consumed by these hermit crabs varies widely between individuals probably relating to factors 
such as hermit crab cheliped size and ranellid shell thickness. 
D. megistos consumed C. muricinum up to 31 mm in length but was observed to consume 
7: gigas over 50 mm SL. D.  lagopodes consumed 7:  gigas occasionally but never over 20 mm 
SL. Other observations include the fact that C. textile only attacked gastropods at night whereas 
F?  filamentosa and D. lagopodes attacked regardless of time of day. 
Small-scale trials 
Placing the gastropod-predators C. textile and P filamentosa inside cages exposed to C. 
muricinum significantly (P < 0.05) reduced the mortality of  7:  gigas (Table 7.3).  C. muricjnum 
appeared to enter cages regardless of whether or not these contained BCAs. The BCAs con- 
sumed C.  muricinum but not enough to prevent the ranellids from killing some clams. Reasons 
for this may include the exclusively nocturnal activities of  Conus textile and the fact that I? 
filamentosa did not become active until 8 days into the experiment probably due to the distur- 
bance caused by handling and the unfamiliar conditions of the tanks and cages. Table 7.2. Sizes of juvenile Cymatium muricinum killed and alive after confinement in aquarra 




Number  size 
Alive 
Minimum 







D. lagopodes (juvenile) 
D. lagopodes (juvenile) 












Table 7.3. Reduction of mortality of T  gigas (25-55 mm SL) using biological 
control agents in cages placed in a nursery tank containing 10 C.  muricinum 
(16-26 mm). Each cage contained 20 clams but half contained one Conys 
textile (32-61 mm) or, in a subsequent experiment, Pleuroploca filamentosa 
(99-134 mm). Dead clams and ranellids were  replaced. Treatments were 
found to be significantly different (P < 0.05) using a Mann-Whitney U test. 
Conus textile  Present  Absent 
Dead C.  muricinum (SD)  2.2  (2.4)  0.0 
Dead T  gigas (SD) 
n 
days  14  14 
Pleuroploca filamentosa  Present  Absent 
Dead C.  muricinum (SD)  2.0  (0.0)  0.0 
Dead T  gigas (SD)  3.3  (5.8)  8.0  (4.3) 
n  3  3 
days  2  1  21 
Observations of 0.  lagopodes in the suspended cages suggested that the hermit crab did 
not readily acclimate to cage conditions and either did not locate or did not attack juvenile 
ranellids. The hermits expended considerable energy in attempting to escape from cages and 
were observed feeding on fouling algae or associated fauna. 
I?  filamentosa took about a week to acclimate to the suspended cages. These snails ap- 
peared not to be able to locate or handle the smaller C.  muricinum. When larger ranellids were 
substituted these were readily consumed. 
7.4 Discussion 
The control of ranellid predation should be a major consideration when planning ocean- 
nursery culture of tridacnids. A number of factors should be taken into account before the first 
clams enter the sea such as the location of the ocean-nursery and the design and placement of 
cages. When the ocean-nursery is operational visual inspection of cages and manual removal of 
predators will probably always be necessary but an understanding of the biology of these ranellid predators gleaned in the present work may alleviate the burden. The following section 
enumerates the factors to be considered with a view to optimizing control of  ranellids in the 
ocean-nursery culture of tridacnids. 
Considerations in the Deployment of Ocean-nursery Tridacnids 
C.  muricinum is pantropical in distribution (c.f., Chapter 1) and may be expected to occur 
wherever the ocean-nursery culture of tridacnids is biologically feasible. The incidence of 
ranellids may be reduced or eliminated at certain locations such as Orpheus Island in 
Queensland probably owing to a combination of environmental factors such as high turbidity 
and nearby freshwater influence (c.f., Chapter 1). Many such sites will be unfavorable for 
tridacnid culture but it is worth conducting trials at likely locations. 
The incidence of  ranellid predators may be reduced at certain ocean-nursery locations and 
in particular seasons or meteorological circumstances. Large variations in the average density 
of recruitment of ranellids to ocean-nursery cages were reported in Chapters 4 and 5 depending 
on the location of ocean-nurseries or cages. Local hydrographic conditions may account for 
these differences and clam farmers may profitably experiment with different horizontal or vertical 
cage locations. 
Kohn and Leviten (1  976) found higher population densities and species richness of preda- 
tory gastropods in more topographically complex habitats at Eniwetok in the Marshall Islands. 
Coral rubble-filled depressions were found to provide the best refuge for these predators. 
In more temperate seas, Auster et al. (1989) found that predation of benthic bivalves was 
more intense around shelter sites and occurred throughout the day. Further away from shelter 
sites predation was less intense and only occurred nocturnally, when the predators had less 
chance of being preyed on themselves. 
Ocean-nurseries placed on or near the seabed are vulnerable to incursions by adult 
ranellids. These incursions may be reduced by placing cages in areas where these predators 
are expected to be less abundant either due to the topography or the general habitat (c.f., 
Chapter 1). Possibilities include mangrove areas, seagrass beds or the intertidal zone. 
The local population of ranellids at long-established ocean-nurseries may become greatly 
increased owing to the escape of  recently settled tritons from clam cages or the attraction of 
adult tritons from the surrounding environment. Where such a mechanism is suspected it may 
well be worth relocating the ocean-nursery or considering regularly rotating the location of the 
ocean-nursery. 
In areas where ranellid recruitment is seasonal or at least partly predictable such as Palau 
(Heslinga et al. 1990) small clams may be transferred from the land-based nursery to ocean- 
nurseries during expected periods of low recruitment giving the clams the best chances of 
growing to a size less vulnerable to predation. 
Exclusion and Isolation 
Ranellid predation may be reduced by excluding these snails from cages either by using 
meshes or by elevating cages from the seabed. These methods are most effective against adult 
predation as larval ranellids are practically impossible to exclude from cages using meshes 
without greatly reducing water exchange. 
Tridacnid clams in ocean-nursery culture are routinely placed in mesh cages which not only 
serve to contain the clams but also to exclude large predators (Calumpong 1992; Govan 1992a). The mesh sizes used in most ocean-nurseries are too large (25-50 mm) to exclude 
adult ranellids from the cages. Govan et al. (1  993) suggested that reducing the mesh size by 
half, to around 12 mm, would exclude Cymatium larger than 26.7 mm or approximately two- 
thirds of the ranellid predators commonly found in benthic ocean-nurseries. Unfortunately, such 
a reduction in mesh size would increase the cost of the cages and also increase the area avail- 
able to algal fouling and thus maintenance costs. Chemical means of  reducing fouling appear 
impractical (Lucas 198813) but the use of algal grazers may be a possibility. 
The use of rectangular meshes of 12 x 25 mm or 12 x 50 mm should be tested in benthic 
ocean-nurseries where adult ranellids are a problem. These meshes would appear to combine 
the advantage of small mesh sizes in excluding adult ranellids and the reduced surface area for 
algal fouling of the larger mesh sizes. 
Off-bottom culture may be an effective method of excluding adult ranellids. These large 
tritons are never recovered from floating cages unless the cages have touched the bottom or 
the tritons have settled in the cages as larvae and been allowed to grow therein for a number of 
months. Elevation of cages on trestles has been shown to reduce, but not eliminate, the inci- 
dence of adult ranellids (Govan et al. 1993) as these are still capable of locating their prey and 
climbing the trestle legs. 
A device resembling a trap has been tested which greatly reduces the number of  ranellids 
successfully climbing trestle legs under experimental conditions but the use of this device on all 
trestle legs in ocean-nurseries may not be cost-effective (Govan et al. 1993). A possible solution 
that has not been tested so far is the construction of frames resting on the seabed that emerge 
above sea level. Cages could be suspended from the emergent portions of the frames and 
would be free of adult ranellids as these would be unlikely to climb any distance out of the water. 
Manual Collection 
Manual removal is used at all giant clam farms to control predation and accounts for a 
major proportion of the labor requirements of ocean-nurseries (c.f., Heslinga et al. 1990; 
Hambrey and Gervis 1993). 
The prospects of developing mechanical methods to remove predators such as employed 
by the oyster industry in the USA (Jory et al. 1984) are low and efforts should be concentrated 
on making manual removal more efficient. 
For example, the floating ocean-nursery at the CAC was situated further from shore than 
the one at Nusatupe and in much deeper and more turbulent water. Workers at the CAC com- 
plained that they were not able to locate snails very easily owing to the movement of the cages 
and effort involved in working on them. The end result in terms of ranellid collection was that 
ranellids were more easily overlooked at the CAC, the mean size of  C.  muricinum recovered 
from the CAC was 17.6 mm whereas the mean size of tritons of this species recovered from 
Nusatupe was 11.7 mm. Based on calculations from Chapters 3 and 6 this means that tritons at 
the CAC, which were only 50% larger on average than those recovered from Nusatupe, had 
remained in cages 70% longer and may have consumed 174% more T gigas tissue. 
The accessibility of  cages to clam farmers should be taken into account when designing 
them and ocean-nurseries in general. Benthic and trestle cages should be easy to open and, if 
at all possible, not placed at depths which make examination laborious. 
Fouling organisms, dead clam shells and debris should be removed from cages whenever 
possible as these provide refuge for ranellids. Recently dead shells also provide the clearest 
indication of the activities of predators (Govan 1992a). Clams at a number of ocean-nurseries are placed on gravel substrates to facilitate subse- 
quent manipulation of the clams (Barker et al. 1988; Heslinga et al. 1990). At the CAC, flat 
cement substrates are used which provide no refuge for predators and therefore allow these to 
be much more easily detected than in cages containing gravel substrates (Govan 1992a, 1992b 
and see Chapter 1). 
Traps have been used with varying degrees of success to control oyster drills in the USA 
(Nelson 1931  ; Galtsoff 1964; Jory et al. 1984) and the UK (Hancock 1974). Baited traps to 
control ranellid predators of tridacnids do not appear very promising because cages full of clams 
will probably be far more attractive than the bait. 
The device designed to prevent ranellids from climbing the legs of trestles mentioned 
above does tend to function as a trap but has not been tested in ocean-nurseries yet (Govan et 
al. 1993). Preliminary experiments in which artificial refuges were placed in benthic ocean- 
nursery cages at the CAC with the idea of  removing predators found sheltering inside were not 
successful (Govan, unpubl. report) as no snails were found. 
Chemical Control 
The application of chemical substances to control predators, such as copper sulfate and 
chlorinated oils used on clam and oyster beds in the USA (Jory et al. 1984; Gibbons and 
Blogoslawski 1989), has not been attempted in giant clam culture. The prospect for such meth- 
ods of control are poor considering the negative impact such substances may be expected to 
have on clams and the environment. 
Scope exists for research into chemical stimuli that attract adult ranellids to their prey or 
induce larval ranellids to settle. Such knowledge would allow the design of repellents or chemi- 
cally baited traps. 
Dead juvenile C. muricinum were removed from cages which had been dipped in freshwa- 
ter at the CAC. Subsequent attempts to repeat these results under experimental conditions 
were not successful possibly because of the larger size of triton. However freshwater dips 
should probably be avoided as instances of high clam mortality were recorded (Govan, unpubl. 
data). 
Biological Control 
Preliminary screening of organisms available at the CAC yielded three potential BCAs: 
i.  The gastropod C.  textile is common at the CAC and only consumed other gastro- 
pods. This snail was not effective against smaller ranellids and had to be handled 
with care as it is capable of inflicting a painful and even lethal sting (Kilburn and 
Rippey 1982). 
ii.  F!  filamentosa is a relatively rare gastropod at the CAC which voraciously consumed 
other gastropods in aquaria but again it was not effective against smaller sizes of 
ranellid. 
iii.  The hermit crab D.  lagopodes is common at the CAC and problems of availability are 
not envisaged. This hermit was only capable of consuming juvenile ranellids but was 
also able to kill small tridacnids. The size of prey consumed depends on the the size 
of the hermit crab's chelipeds and it may be possible to select crabs as BCAs for 
specific sizes of tridacnid. These results suggest that D.  lagopodes would be more useful in controlling recently 
settled Cymatium spp. whereas the gastropod BCAs would be useful in controlling adult and 
subadult Cymatium spp. and other gastropod predators and scavengers. 
The BCAs were relatively easy to retain in cages. Adult C. textile and F?  filamentosa are 
retained by normal meshes used at the CAC of either 12 x 25 mm or 25 x 25 mm. Larger indi- 
viduals and most hermit crabs would be retained by even larger meshes. 
However, small-scale trials suggest that in an ocean-nursery situation these BCAs may be 
able to fulfill their dietary requirements with other organisms that enter or grow in cages (such 
as fouling organisms, recently settled bivalves and cowries in the case of D. lagopodes and 
other abundant gastropods in the case of the two gastropod BCAs). This would result in re- 
duced pressure on marauding ranellids and consequently no great reduction in clam mortality. 
Assuming that BCAs do not indulge in cannibalism, it may be possible to combat this problem 
by increasing the density of BCAs although a balance would have to be achieved to prevent 
BCAs starving to death. These parameters would be site- and cage-specific as is the incidence 
of predators. 
Cultivation of the gastropod BCAs would be useful as it would provide an abundant source 
of such organisms without depleting local wild populations. Furthermore, juvenile BCAs would 
be available which could be introduced to cages at a small size and, assuming similar dietary 
preferences to those of their parents, may help control the incidence of juvenile ranellids. C. 
textile has been reared successfully under laboratory conditions (Perron 1980, 1981) and expe- 
rience with F?  trapezium suggests that it may be possible to culture species of this genus 
(Arakawa 1960; Govan, unpubl. data). 
Biological control of ranellid larvae does not appear feasible considering the relatively low 
abundance of these larvae compared to that of other planktonic organisms (c.f., Chapter 4). 
While the exact nature of the cues that induce settlement of the ranellid larvae are not known it 
appears likely that these are related to the presence of tridacnid prey. Thus it is possible that 
settlement may be reduced by stocking clams in ocean-nurseries at lower densities. Such 
density-dependent effects were discussed in Chapter 4 and may operate on both adult and 
larval snails. There may be a case for encouraging the proliferation of a large number of small 
ocean-nurseries rather than concentrating on a few large ones, as suggested by Heslinga et al. 
(1  986) with regard to problems with predatory fish. 
Lucas et al. (1  988) suggested that pyramidellid parasites were less abundant in benthic 
cages at Orpheus Island than in off-bottom cages and land-based tanks (Cumming 1988) be- 
cause they were controlled by benthic predators. The possibility was raised in Chapter 4 that the 
lower densities of C.  muricinum recovered from benthic cages at Nusatupe were due to the 
action of benthic predators which did not have ready access to off-bottom cages. 
The action of such wild BCAs may have to be taken into account when selecting the mesh 
sizes to be used on ocean-nursery cages. It may pay to use the largest possible mesh size in 
benthic cages depending on the size of clams and the abundance and nature of other clam 
predators on the seabed (for example adult ranellids, as mentioned above). 
Certain species of tridacnid such as 7:  gigas and T: derasa appear more vulnerable to 
ranellid predation while others such as H.  hippopus are relatively resistant (Perron et al. 1985; 
Govan et al. 1993; c.f., Chapter 2). In certain circumstances it may be feasible to cultivate more 
resistant species in preference to others. Conclusions 
The control of ranellid predation in tridacnid ocean-nurseries depends on maintaining a 
comprehensive program of visual inspection and manual removal of predators as originally 
suggested by Perron et al. (1  985). Tridacnid farmers should also be aware of the different 
aspects of ranellid predation and, in the light of the present work, that much can be done to 
reduce losses to C. muricinum and its allies. 
The operators of ocean-nurseries seriously affected by ranellid predation must first deter- 
mine to what extent the problem is due to recently settled juvenile ranellids or to adult tritons, as 
the control options vary accordingly. 
Perhaps the first control option to be considered is whether the particular type of predation 
will be reduced by relocating the affected cages. In the absence of further advances in biological 
control every effort should be made to exclude large ranellids from cages. Large tritons are 
capable of killing clams in a few hours and leaving cages before their presence is detected, 
often at night. However, the impact of small and hard to detect postlarval ranellids must not be 
underestimated. Careful vigilance must be sustained in order to detect the first signs of spo- 
radic, and possibly highly destructive, infestations by these juvenile tritons. 
Given the experiences and results recorded in this work, predation by ranellid predators 
such as C.  muricinum, C. aquatile, C. pileare and C.  nicobaricum clearly has the potential to 
prevent tridacnid culture from becomi'ng economically viable at many locations. In order to 
reduce the risk of failure of tridacnid farming ventures it is vital that clam farmers be aware of all 
aspects of the problem and the range of predator control options available. Acknowledgements 
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386. Appendix 1 
A List of Species Mentioned in the Text in Alphabetical Order 
and Including Taxonomic Authorities 
Anadara granosa (Linne, 1758) 
Anadara tuberculosa (Sowerby, 1837) 
Babylonia lutosa (Lamarck, 1822) 
Barbatia virescens (Reeve, 1844) 
Buccinum undatum Linne, 1758 
Bursa cruentata (Sowerby, 1841) 
Cymatium aquatile (Reeve, 1844) 
C. comptum (A.  Adarns, 1854) 
C. corrugatum amictum (Reeve, 1  844) 
c.  corrugatum corrugatum (Lamarck,  181  6) 
C. cynocephalum (Lamarck, 181  6) 
C. gemmatum (Reeve, 1844) 
C. intermedium (Pease, 1869) 
C. labiosum (Wood, 1828) 
C. martinianum (d'orbigny, 1846) 
C. mundum (Gould, 1849) 
C. muricinum (Roding,  1798) 
C. nicobaricum (Roding, 1  798) 
C. parthenopeum echo Kuroda & Habe in  Kira, 1961 
C. parthenopeum keenae (Beu,  1970) 
C. parthenopeum parthenopeum (von Salk, 1793) 
C.  pileare (Linne, 1758) 
C. vespaceum (Lamarck, 1822) 
Cabestana cutacea cutacea (Linne, 1767) 
Ca. spengleri (Perry, 181  1) 
Callinectes sapidus Rathbun, 1  896 
Cerithium tesselatus Sowerby, 1855 
Charonia lampas lampas (Linne, 1  758) 
Ch. lampas rubicunda (Perry, 1811) 
Ch. tritonis variegata (Lamarck,  181  6) 
Conus ebraeus Linne, 1758 
Co. imperialis Linne, 1758 
Co. lividus Hwass in Bruguiere, 1792 
Co. marmoreus Linne, 1758 
Co. rattus Hwass in  Bruguiere, 1792 
Co. fextite Linne, 1758 
Crassostrea gigas (Thunberg, 1793) 
Cra. rhizophorae (Guilding, 1828) 
Crepidula fornicata (Linne, 1758) 
Cre. plana (Say, 1822) 
Cronia rnargariticola (Broderip, 1833) 
Cr. ochrostoma (Blainville, 1832) 
Dardanus guttatus (Olivier, 181  2) 
D. lagopodes (Forskal, 1775) 
D. megistos (Herbst, 1804) 
Epitonium ulu Pilsbry, 1921 
Fusitriton magellanicus laudandus Finlay, 1927 
Gonodactylus chiragra (Fabricius, 1775) 
Haliotis rubra Leach, 1  81  4 
Hemifusus ternatanus (Roding, 1798) 
He. tuba (Gmelin, 1791) 
Hippopus hippopus (Linne, 1758) 
H. porcellanus Rosewater, 1982 
Latirolagena smaragdula (Linne, 1758) 
Latirus gibbulus (Grnelin, 1791) 
1.  lanceolatus (Reeve, 1847) 
Linatella caudata (Gmelin,  1791  ) 
Mercenaria mercenaria (Linne, 1758) 
Mitrella albina (Kiener, 1  841) 
Morula marginalba (Blainville, 1832) 
Muricodrupa fiscella (Gmelin,  1  791  ) 
Mya arenaria Linne, 1758 
Mytilus edulis Linne, 1758 
Nassarius albescens (Dunker, 1846) 
N. echinatus (Adams, 1852) 
N. festivus (Powys, 1835) 
N. obsoletus (Say,  1822) = llyanassa obsoleta 
Natica maculosa Lamarck, 1812 = N. tigrina (Roding, 1798) 
Opsanus tau (Linne, 1766) 
Pecten maximus (Linne, 1758) 
Peristernia nassatula (Lamarck, 1822) 
f? ustulata (Reeve, 1847) 
Perna perna (Linne, 1758) 
Pinctada fucata (Gould, 1850) 
P maculata (Gould, 1850) 
f! margaritifera (Linne, 1758) 
P maxima (Jarneson, 190  1  ) 
Pleuroploca filamentosa (Roding, 1798) 
f?  trapezium (Linne, 1758) 
Polinices alder; = Euspira poliana (Chiaje, 1  826) 
f? duplicatus (Say, 1822) 
Pteria penguin (Roding,  1798) 
Pyrene scripta (Lamarck, 1822) 
Pyrene turturina (Lamarck, 1822) 
Ranella australasia australasia (Perry, 181  1) 
Strombus cosfatus Gmelin, 1791 
S. gigas Linne, 1758 
Symbiodinium microadriaticum Freudenthal, 1  962 
Tellina tenuis da Costa, 1778 
Th. carinifera (Lamarck, 1822) 
Th. haemastoma (Linne, 1767) 
Th. lapillus = Nucella lapillus (Linne, 1758) 
Tridacna crocea Lamarck, 181  9 
T derasa (Roding, 1798) 
T: gigas (Linne, 1758) 
T: maxima (Roding, 1798) 
T: rosewater; Sirenko & Scarlato, 1991 
T: squamosa Lamarck, 181  9 
T tevoroa Lucas, Ledua & Braley, 1990 
Vexillum exasperatum (Gmelin, 1791) Appendix 2 
Tridacna  gigas Measurements and Biomass Estimations 
Data pertaining to the 1ength:weight ratio and general morphornetrics of juvenile  T: gigas 
have been collected at the ICLARM Coastal Aquaculture Centre in recent years by Dr. P.  Munro, 
T.  Shearer, H. Rota and H. Govan. These data were compiled by the present author in order to 
calculate various allometric relationships. Raw data are presented in Table A. 
Table A.  Size and weight measurements of juvenile  T: gigas of 9.6-116.2 mm in shell length. Total volume was 








































134 Table A.  Continuation. 
Length  Height 



























































































































13.11  1 
15.727 
NI  A 
NIA 
NIA 
N  /A Length (L), shell height (H) and shell depth (D) of the juvenile  T: gigas were measured to 
the nearest 0.1 mm using Vernier calipers. Wet tissue weights were obtained after standard 
blotting techniques on an electronic balance to the nearest 0.0001 g. Dry tissue weights were 
measured after samples were dried using a microwave oven set at low power until a constant 
weight was attained, usually around four hours. This drying technique was observed to provide 
similar results to those obtained using conventional drying ovens (pers. observ. and P.  Munro, 
pers. comm.). Electric power was only available 16 hours per day which, combined with the high 
ambient humidity, precluded the use of the slower electric ovens. 
The ratio of shell measurements for the size range of clams measured were calculated to 
be: L:H:D = 1  :0.66:0.38. The equations relating volume and length of juvenile  T: gigas with wet 
and dry tissue weights are shown in Table I3  and were derived using GM regression as de- 
scribed in Chapter 2. Various formulae for estimating the volume of juvenile 1  gigas based on 
geometric shapes were tested empirically. The best approximation was provided by the formula 
for two paraboloids facing each other (equation  A.l). 
LHD  V=n.-.--.-- 
222 
Table 8.  Relationship of shell length (L) in mm and volume (V) in mm3 of  juvenile  T: 
gigas between 9.6 and 95.2 mm in shell length with dry (DW) and wet  (WW) tissue 
weights (mg). 
Appendix 3 
Publications (by H. Govan) Related to the Subject of  This Work 
Govan, H. 1992. Predators and predator control, p. 41-50. In H. P.  Calumpong (ed.) The giant clam: an 
ocean culture manual. ACIAR Monograph 16. Canberra. 
Govan, H. 1993. Participatory research in giant clam farming. Naga, ICLARM Q. 16(1): 8-10. 
Govan, H. 1994. Predators of  maricultured tridacnid clams. Proc. 7th Int. Coral Reef Symp. 2: 749-753. 
Govan, H., L.Y. Fabro and E. Ropeti. 1993. Controlling predators of cultured tridacnid clams, p. 111-118. In 
W.K.  Fitt (ed.) The biology and mariculture of  giant clams. AClAR Proc. 47. Canberra. 
Govan, H., P.V. Nichols and H. Tafea. 1988. Giant clam resource investigations in Solomon Islands, p. 54- 
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